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1.  Introduction 

harfpr,wri!nr7  x°XinS  (BoNT)  are  extremely  potent  neurotoxins  produced  by  anaerobic 
bacteria  of  the  Clostridia  genus.  BoNT  acts  by  inhibiting  the  release  of  acetylcholine  at  thp 
neuromuscular  junction  causing  a  flaccid  paralysis  resulting  in  the  disease  Botulism  BoNT  *rp 
among  the  most  potent  toxins  known,  with  an  1dm  in  the  range  of  iTfng  c 

5SS5S  humans. SeVGn  ^  BoNT' WUh  ,0Xin  A' B'  E' and  F  ^the  main  toxtas 

Tho  t0K-n j\onsis.ts  of  bisulfide  linked  heavy  and  light  chain,  with  three  major  domains 

Thp  wr t0f  ?lndinS  Slte  1S  at  the  carboxy  terminus  of  the  heavy  chain  (Hc  or  C-fragment) 
The  binding  domain  mediates  attachment  to  specific  receptors  on  the  presvnaptic  sidf  of  the 

one  of  several  proteins  on  the  synaptosomal  complex  P  n  cleaves 

steriliz^0,BiS^rfh“,vSe.fTm  ingeSH?  °f  the  *oxin' usual1)' in  f00d  thi"  has  not  been  adequately 
sterilized.  BoNTs  have  also  been  intentionally  produced  for  use  as  biological  warfare  agents 

and  weapons  of  terror  due  to  their  potency  (microgram  quantities 

aPtTeas t  iTo^oluf exa™Ple'  ^  has  o 

S  ?f  concentrated  BoNT'  of  which  10,000  liters  were  loaded  into  munition  (3) 

hppn  ?  ^  y,^°unttermuaSUreS  des,§ned  t0  protect  against  this  biological  warfare  agent  have 

r.r£^isasi.3jsfs!'iss 

riring 

A,^4.ne^ 

flnimtw?!1  atIfn  at  nsk-  Polyyalent  equine  or  human  immune  globulin  protect  experimental 
mnStff  5f  and  appear  t0  Protect  humans  (6)  against  BoNT  intoxication,  immune  globulin  is 

insure  d^X ^onXI  Fi°r  “  Pre™*  di“*“  «P 

exposure  depending  on  the  dose  and  route  of  exposure  (5).  With  suuoortivp  raw 
immunoglobulin  therapy  reduces  the  duration  of  illness  and  cost  of  hospitalization  Fnr 

hSZ™  f  w Pl6te?  ProsPective  randomized  comparison  of  Human  Botulinum 

Immunoglobulin  (BIG)  for  infant  Botulism  indicated  that  treatment  with  BIG  significant^ 
decreased  the  duration  of  mechanical  ventilation  length  of  hosnital  ciav  airi  ^ 
.«*:  S—  Aruon  (7,  and  unpublished'rS?. 

cirif  !  Passiyc  immunotherapy,  however  equine  immune  globulin  has  a  high  incidence  of 
side  effects,  including  serum  sickness  and  anaphylaxis  (8).  Human  immune  globulin  should 
prove  nontoxic,  but  requires  a  source  of  immunized  human  plasma  donorT  g 

Neutralizing  monoclonal  antibodies  would  provide  an  unlimited  amount  of  antibodv  nf 

at 

3)  use  of  a  toxoid  immunogen  (formaldehyde  inactivated  crude  toxin)  which  poorly  mimics  the 

n^ndurTd  ?°h  °J  neutralizinS  epitope(s);  4)  inadequate  binding  affinity  of  LnSdonSs 
,  c  d  datJf/0^  neutralization  of  a  toxin  with  a  high  affinity  (Kj  ~  1  nM)  for  its  receptor-  or 

murine^onoHn  1  “S?*#6  6pit°peS  t0  achieve  efficient  neutralization  (8).  Furthermore 
murine  monoclonal  antibodies  are  not  ideal  therapeutics  since  they  are  immunogenic  when 

dmmistered  to  humans,  resulting  in  decreased  efficacy  over  time  and  the  risk^of  allergic 
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reactions.  Thus  the  ideal  therapeutic  would  be  neutralizing  human  monoclonal  antibodies.  In 
general,  however,  human  monoclonal  antibodies  have  proven  extremely  difficult  to  make  using 
conventional  hybridoma  technology  (9)  and  are  frequently  IgM  and  of  low  affinity. 

For  this  contract,  we  proposed  to  use  a  novel  technology,  phage  display,  to  produce 
neutralizing  antibodies  to  Botulinum  neurotoxin  type  A.  The  approach  is  reviewed  below 
followed  by  results  obtained. 

1.1.  Limitations  of  murine  monoclonal  antibodies 

Production  of  monoclonal  antibodies  from  hybridomas  requires  administration  of  an 
immunogenic  antigen  followed  by  harvesting  of  spleens  and  fusion  with  a  suitable  fusion 
partner.  This  process  is  relatively  inefficient,  leading  to  the  production  of  a  relatively  few 
number  of  hybridomas.  This  makes  it  unlikely  or  impossible  to  produce  monoclonal  antibodies 
of  certain  rare  specificities,  for  example  neutralizing  antibodies  to  BoNT/A.  The  affinities  (IQ) 
of  resulting  monoclonal  antibodies  are  also  not  likely  to  be  better  than  1.0  x  10'9  M  (10).  This  IQ 
may  not  be  adequate  for  therapeutic  applications,  such  as  neutralization  of  potent  toxins  such  as 
BoNT/A. 

A  second  disadvantage  of  murine  antibodies  is  that  they  are  likely  to  be  immunogenic 
when  administered  therapeutically.  Murine  or  chimaeric  IgG  are  clearly  immunogenic  when 
administered  to  humans  and  some  of  the  immune  response  is  directed  against  the  variable 
regions  (11).  Smaller  size  antibody  fragments  should  be  less  immunogenic,  but  this  still  may  be 
a  problem  when  repeated  doses  are  required  for  therapy.  Thus  therapeutic  antibodies  would 
ideally  be  of  human  origin.  Unfortunately,  production  of  human  antibodies  using  hybridoma 
technology  has  proven  extremely  difficult  (9). 

The  above  limitations  can  be  overcome  by  taking  advantage  of  recent  advances  in 
biotechnology  to  produce  human  antibody  fragments  directly  in  bacteria,  with  or  without  prior 
immunization  (reviewed  in  (12-14).  Bacterial  libraries  containing  millions  to  billions  of  human 
antibody  fragments  are  created,  from  which  binding  antibody  fragments  can  be  selected  by 
antigen.  This  approach  makes  it  possible  to  examine  every  member  of  the  library  for  binding, 
making  it  possible  to  'screen'  a  vastly  greater  number  of  monoclonals  than  can  be  produced 
using  conventional  hybridoma  technology.  The  affinities  of  the  antibody  fragments  can  also  be 
increased  in  vitro,  to  values  not  achievable  using  conventional  hybridoma  technology. 

1.2.  Antibody  nomenclature 

Antibodies  are  bifunctional  glycoproteins  composed  of  domains  of  variable  (V)  and 
constant  (C)  sequence.  The  variable  domains  contain  the  regions  that  bind  to  antigen  and 
consist  of  a  light  chain  variable  domain  (Vl,  either  VKor  Vx)  and  a  heavy  chain  variable  domain 
(Vh).  The  V-domains  can  be  classified  into  families  based  on  DNA  sequence  homology.  The 
smallest  antigen  binding  unit  is  termed  the  Fv  molecule  (non-covalently  linked  Vh  and  Vl 
domains).  Since  the  affinity  of  the  Vh  domain  for  the  Vl  domain  is  relatively  low  (micromolar), 
the  two  chains  dissociate  at  typical  concentrations.  To  overcome  this  limitation,  the  Vh  and  Vl 
domains  can  be  linked  together  with  a  flexible  peptide  linker  to  create  a  single  polypeptide 
chain,  the  single  chain  Fv  (scFv)  (15, 16).  Fab  antibody  fragments  are  composed  of  Vh-Ch1  and 
Vl-Cl  domains  covalently  linked  to  each  other  by  a  disulfide  bond.  Each  Vh  and  Vl  domain 
consists  of  relatively  conserved  framework  regions  (FR1,  FR2,  FR3,  and  FR4)  separated  by  three 
areas  of  hypervariable  sequence  called  complementarity  determining  regions  (CDR1,  CDR2, 
and  CDR3).  The  CDR's  contain  the  majority  of  the  antigen  binding  residues. 

1.3.  A  new  approach  to  making  antibodies 

The  ability  to  express  antibody  fragments  on  the  surface  of  viruses  which  infect  bacteria 
(bacteriophage  or  phage)  makes  it  possible  to  isolate  a  single  binding  antibody  fragment  from  a 
library  of  greater  than  1010  nonbinding  clones.  To  express  antibody  fragments  on  the  surface  of 
phage  (phage  display),  an  antibody  fragment  gene  is  inserted  into  the  gene  encoding  a  phage 
surface  protein  (pill)  and  the  antibody  fragment-pill  fusion  protein  is  displayed  on  the  phage 
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surface  (17, 18).  Since  the  antibody  fragments  on  the  surface  of  the  phage  are  functional,  phage 
bearing  antigen  binding  antibody  fragments  can  be  separated  from  non-binding  phage  by 
antigen  affinity  chromatography  (11).  Depending  on  the  affinity  of  the  antibody  fragment, 
enrichment  factors  of  20  fold  - 1,000,000  fold  are  obtained  for  a  single  round  of  affinity  selection. 
By  infecting  bacteria  with  the  eluted  phage,  however,  more  phage  can  be  grown  and  subjected 
to  another  round  of  selection.  In  this  way,  an  enrichment  of  1000  fold  in  one  round  can  become 
1,000,000  fold  in  two  rounds  of  selection  (17).  Thus  even  when  enrichments  are  low  (19), 
multiple  rounds  of  affinity  selection  can  lead  to  the  isolation  of  rare  phage.  Since  selection  of 
the  phage  antibody  library  on  antigen  results  in  enrichment,  the  majority  of  clones  bind  antigen 
after  4  rounds  of  selection.  Thus  only  a  relatively  small  number  of  clones  (several  hundred) 
need  to  be  analyzed  for  binding  to  antigen.  Analysis  for  binding  is  simplified  by  including  an 
amber  codon  between  the  antibody  fragment  gene  and  gene  III.  The  amber  codon  makes  it 
possible  to  easily  switch  between  displayed  and  soluble  (native)  antibody  fragment  simply  by 
changing  the  host  bacterial  strain  (18). 

Phage  display  can  be  used  to  bypass  conventional  hybridoma  technology  after  animal  or 
human  immunization.  Repertoires  of  Vh  and  Vl  genes  are  amplified  from  splenocytes  or 
peripheral  blood  lymphocytes  using  primers  optimized  for  the  amplification  of  murine  (20)  or 
human  (21,  22)  immunoglobulin  variable  region  genes.  The  V-genes  are  then  cloned  for 
expression  as  scFv  or  Fab  antibody  fragments  on  the  surface  of  bacteriophage.  Rare  phage 
expressing  binding  antibody  fragments  are  isolated  by  affinity  selection  as  described  above. 
Using  this  approach,  murine  and  human  antibodies  have  been  made  against  tetanus  toxin, 
hepatitis  B  surface  antigen,  and  HIV-1  (22-24).  Many  different  antibody  fragments  were 
isolated  to  each  antigen,  and  the  affinities  compare  favorably  to  the  affinities  of  monoclonal 
antibodies  produced  using  conventional  hybridoma  technology. 

Human  antibodies  can  be  produced  without  prior  immunization  by  displaying  very 
large  and  diverse  V-gene  repertoires  on  phage  (19).  In  the  first  example,  natural  Vh  and  Vl 
repertoires  present  in  human  peripheral  blood  lymphocytes  were  isolated  from  unimmunized 
donors  by  PCR.  The  V-gene  repertoires  were  spliced  together  at  random  using  PCR  to  create  a 
scFv  gene  repertoire  which  was  cloned  into  a  phage  vector  to  create  a  library  of  30  million 
phage  antibodies  (19).  From  this  single  "naive"  phage  antibody  library,  binding  antibody 
fragments  have  been  isolated  against  more  than  17  different  antigens,  including  haptens, 
polysaccharides  and  proteins  (19,  25,  26).  The  antibody  fragments  were  highly  specific  to  the 
antigen  used  for  selection,  and  were  functional  in  agglutination  and  immunofluorescence 
assays.  With  a  library  of  this  size  and  diversity,  at  least  one  to  several  binders  can  be  isolated 
against  a  protein  antigen  70%  of  the  time  (J.D.  Marks,  unpublished  data).  The  antibody 
fragments  are  highly  specific  for  the  antigen  used  for  selection  and  have  affinities  in  the  1  uM  to 
100  nM  range  (19, 26).  Larger  phage  antibody  libraries  result  in  the  isolation  of  more  antibodies 
of  higher  binding  affinity  to  a  greater  proportion  of  antigens  (27, 28). 

Phage  display  is  also  an  effective  technique  for  increasing  antibody  affinity.  Mutant 
scFv  gene  repertories,  based  on  the  sequence  of  a  binding  scFv,  are  created  and  expressed  on  the 
surface  of  phage.  Higher  affinity  scFvs  are  selected  by  affinity  chromatography  on  antigen  as 
described  above.  One  approach  for  creating  mutant  scFv  gene  repertoires  has  been  to  replace 
the  original  Vh  or  Vl  chain  with  a  repertoire  of  V-genes  to  create  new  partners  (chain  shuffling) 
(23).  Using  chain  shuffling  and  phage  display,  the  affinity  of  a  human  scFv  antibody  fragment 
which  bound  the  hapten  phenyloxazolone  (phOx)  was  increased  from  300  nM  to  1  nM  (300  fold) 
(29).  Affinities  of  protein  binding  antibody  fragments  have  been  increased  from  5  to  6  fold  (into 
the  nanomolar  range)  (30, 31),  and  more  recently  into  the  picomolar  range  (32). 

1.4.  Purpose  of  the  present  work  and  methods  of  approach 

The  purpose  of  this  contract  was  to  produce  human  monoclonal  antibodies  which 
neutralize  BoNT/A  for  use  as  passive  immunotherapy  of  Botulism  or  BoNT/A  exposure  or 
intoxication. 
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The  proposed  technical  objectives  were: 

1.  Construct  an  immune  human  scFv  phage  antibody  library  from  the  mRNA  of  volunteers 
immunized  with  polyvalent  BoNT  vaccine. 

2.  Isolate  scFv  antibody  fragments  which  bind  BoNT  by  selecting  the  immune  scFv  phage 
antibody  library  on  immobilized  BoNT  and  BoNT  fragments. 

3.  Isolate  scFv  antibody  fragments  which  bind  BoNT  by  selecting  a  non-immune  scFv  phage 
antibody  library  on  immobilized  BoNT  and  BoNT  fragments. 

4.  Characterize  binding  scFvs  with  respect  to  DNA  sequence,  specificity,  cross  reactivity, 
affinity,  and  kinetics  of  binding. 

5.  Increase  the  affinity  of  scFvs  with  the  desired  binding  characteristics  by  creating  mutant 
scFv  phage  antibody  libraries  and  selecting  on  immobilized  BoNT  and  BoNT  fragments. 

6.  Characterize  mutant  binding  scFvs  with  respect  to  DNA  sequence,  specificity,  cross 
reactivity,  affinity,  and  kinetics  of  binding. 

7.  Provide  purified  scFv  protein  to  USAMRIID  to  perform  in  vivo  protection  studies. 

8.  If  necessary,  construct  complete  IgGl  human  antibodies. 

2.  Body  of  report 

2.1.  Overview  and  Summary  of  Results 

To  maximize  the  chances  of  isolating  neutralizing  antibodies  to  BoNT/ A,  scFv  phage 
antibody  libraries  were  constructed  from  the  Vh  and  Vl  genes  of:  1)  mice  immunized  with 
recombinant  binding  domain  (He)  of  BoNT/A  and  boosted  with  BoNT/ A;  2)  mice  immunized 
with  BoNT/A  He;  3)  a  human  immunized  with  pentavalent  BoNT  toxoid,  and  4)  Non-immune 
humans.  BoNT/A  He  was  used  for  murine  immunization  because  it  had  been  shown  to  elicit 
potent  protection  in  mice  (33).  For  human  immunization,  the  only  choice  was  pentavalent 
BoNT  toxoid.  Murine  and  human  phage  antibody  libraries  were  selected  on  BoNT/A  and 
BoNT/A  He-  Human  libraries  were  also  selected  on  BoNT/B,  BoNT/C,  and  BoNT/E. 
Construction  of  these  libraries  met  technical  objectives  1  through  3.  In  addition,  selection  of  the 
antibody  libraries  on  the  other  toxin  serotypes  generated  a  large  panel  of  monoclonal  antibodies 
to  serotypes  not  included  in  the  original  technical  objectives.  The  murine  library  represented 
work  begun  under  contracts  DAMD17-93-C589  and  DAMD17-94-M-5664  and  was  based  on 
data  obtained  from  USAMRIID  that  mice  immunized  with  recombinant  BoNT/A  C-fragment 
were  protected  against  subsequent  exposure  to  BoNT/A.  The  murine  libraries  were  deemed 
worthy  of  further  characterization  under  the  present  contract  and  are  included  in  this  report. 

Phage  displaying  binding  scFv  were  identified  by  ELISA  and  unique  scFv  identified  by 
DNA  sequencing.  BoNT  specificity  was  determined  by  ELISA  on  BoNT/A,  B,  C,  E.  Domain 
specificity  of  anti-BoNT/A  scFv  was  determined  by  ELISA  on  recombinant  BoNT/A  Hn  and 
He-  This  work  met  technical  objective  4. 

A  total  of  130  unique  scFv  were  selected  from  the  different  phage  antibody  libraries 
(Table  1).  This  included  51  scFv  from  immunized  mice,  51  scFv  from  immunized  humans  and 
28  scFv  from  the  non-immune  antibody  library.  The  number  of  different  scFv  selected  as  well 
as  their  domain  specificity  are  shown  in  Table  1. 

The  anti-BoNT/A  scFv  were  selected  for  further  characterization  to  identify  monoclonal 
antibodies  with  toxin  neutralizing  capacity.  Characterization  focused  primarily  on  those  scFv 
which  bound  BoNT/A  He  since  immunization  with  this  domain  has  been  shown  to  be 
protective  in  mice.  Toxin  neutralization  was  initially  determined  in  vitro  using  a  mouse 
hemidiaphragm  preparation  and  measuring  the  time  to  50%  twitch  tension  reduction  for 
BoNT/A  alone  and  in  the  presence  of  2.0  x  10'8  M  scFv.  These  studies  were  performed  at 
USAMRICD  in  the  laboratory  of  Dr.  Desphande  (34).  It  was  necessary  to  perform  the  initial 
screening  for  toxin  neutralization  in  vitro  because  the  small  size  (25  kDa)  of  the  scFv  leads  to 
extremely  rapid  (ti/2  =  2  hours)  clearance  from  the  circulation  of  mice  and  precluded  the  use  of 
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the  standard  in  vivo  neutralization  assay  without  modification  of  the  scFv  molecule  to  decrease 
clearance  (see  below).  Such  modification  was  not  practical  for  evaluation  of  the  large  number  of 
anti-BoNT/A  scFv  (44  unique  scFv).  The  in  vitro  neutralization  studies  are  also  quite 
cumbersome,  so  it  was  decided  to  restrict  the  analysis  to  the  highest  affinity  scFv  which  bound 
each  unique  (non-overlapping)  epitope.  Thus  each  scFv  was  epitope  mapped  using  surface 
plasmon  resonance  in  a  BIAcore  (35,  36)  as  described  in  (37)  and  the  Kd  for  BoNT/A  He 
measured  as  described  in  (37).  This  work  met  technical  objective  4.  The  highest  affinity  scFv  to 
each  unique  epitope  was  then  studied  for  toxin  neutralization  in  vitro.  The  results  are 
summarized  below  in  separate  sections  for  immune  murine,  immune  human  and  non-immune 
human  libraries.  This  work  met  technical  objective  7. 


Table  1.  Specificity  of  BoNT  binding  scFv  selected  from  phage  antibody  libraries. 


scFv  Specificity 

Number  of  unique  scFv 

mice  immunized 
with  BoNT/A  He, 
boosted  with 
BoNT/A 

mice  immunized 
with  BoNT/A  Hc 

Humans 
immunized 
with  toxoid 

Non-immune 

humans 

Total  scFv 

BoNT/A  Hc 

10 

18 

6 

10 

44 

BoNT/A  Hn 

2 

0 

4 

2 

8 

BoNT/A  light  chain 

21 

0 

16 

3 

40 

BoNT/B 

ND 

ND 

16 

5 

21 

BoNT/C 

ND 

ND 

6 

5 

11 

BoNT/E 

ND 

ND 

3 

3 

6 

Total 

33 

18 

51 

28 

130 

2.1A.  Results  from  immune  murine  phage  antibody  libraries 

51  unique  scFv  were  obtained  from  immunized  mice,  28  of  these  bound  Ho  When  mice 
were  boosted  with  holotoxin  (BoNT/A)  prior  to  library  construction,  the  immune  response  was 
directed  away  from  He  (only  10/33  bound  He,  2  bound  Hn,  and  the  remainder  bound  the  light 
chain).  In  mice  not  challenged  with  holotoxin  prior  to  library  construction,  all  scFv  bound  He- 
Only  half  of  these  bound  BoNT/A,  however,  suggesting  that  a  large  portion  of  BoNT/A  He  is 
buried  in  the  holotoxin.  The  28  anti-BoNT/A  He  scFv  recognized  only  4  unique  non¬ 
overlapping  epitopes,  with  the  majority  of  scFv  (22/28)  recognizing  only  2  epitopes.  Affinity, 
binding  kinetics,  and  in  vitro  toxin  neutralization  were  determined  on  one  representative  scFv 
binding  to  each  epitope.  For  each  epitope,  the  scFv  chosen  for  further  study  had  the  best 
combination  of  expression  level  and  slowest  k0ff,  as  determined  during  epitope  mapping 
studies.  Kd  for  the  four  scFv  studied  ranged  between  7.3  x  10'8  M  and  1.1  x  10"9  M  (Table  2), 
values  comparable  to  those  reported  for  monoclonal  IgG  produced  from  hybridomas  (38)  C25 
has  the  highest  affinity  (Kd  =  1.1  x  10'9  M)  reported  for  an  anti-bo tulinum  toxin  antibody.  In 
vitro  toxin  neutralization  was  determined  using  a  mouse  hemidiaphragm  preparation.  scFv 
binding  to  epitope  1  (S25)  and  epitope  2  (C25)  significantly  prolonged  the  time  to 
neuroparalysis  1.5  fold  (52%)  and  2.7  fold  (270%)  respectively  (Table  2  and  Fig.  1).  In  contrast, 
scFv  binding  to  epitopes  3  and  4  had  no  significant  effect  on  the  time  to  neuroparalysis.  A 
mixture  of  S25  and  C25  had  a  significant  additive  effect  on  the  time  to  neuroparalysis,  with  the 
time  to  50%  twitch  reduction  increasing  to  3.9  fold  (390%).  The  majority  of  these  results  have 
been  published  (and  see  appendix  1)  and  are  also  detailed  (below). 

2.1B.  Results  from  immune  human  phage  antibody  libraries 

51  unique  scFv  were  obtained  from  humans  immunized  with  pentavalent  Botulinum 
toxoid  (26  anti-BoNT/A,  16  anti-BoNT/B,  6  anti-BoNT/C,  and  3  anti-BoNT/E)  (Table  1).  All 
scFv  were  serotype  specific,  with  no  strain  cross  reactivity  observed.  Of  the  26  anti-BoNT/A 
scFv,  6  bound  He,  4  bound  Hn,  and  16  bound  the  light  chain.  The  7  anti-BoNT/A  He  scFv 
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recognized  3  non-overlapping  He  epitopes,  with  Kd  ranging  from  3.7  x  10-8  M  to  8.0  x  10"9  M 
(Table  3) 

Table  2.  Affinities,  binding  kinetics,  and  in  vitro  toxin  neutralization  results  of  scFv  selected  from  phage 
antibody  libraries. 


scFv  clone 

Epitope 

Kda 

(M) 

kon 

(x  104  M->  s-1) 

koff 

(¥  10-3  s'1) 

Paralysis  Time*’ 

S25 

i 

7.3  x  lO"8 

1.1 

0.82 

85  ±  104 

C25 

2 

1.1  x  lO"9 

30 

0.33 

151  ±  12c 

C39 

2 

2.3  x  lO"9 

14 

0.32 

139  ±  S.9C 

1C6 

3 

2.0  x  10"8 

13 

2.5 

63  ±  3.3 

1F3 

4 

1.2  x  lO"8 

92 

11 

52  ±  1.4 

C25  +  S25  Combination 

218  ±  22c 

BoNT/A  pure  toxin  (control) 

56  ±3.8 

a  k0n  and  k0ff  were  measured  by  surface  plasmon  resonance  and  K(j  calculated  as  k0ff/kon. 

^  Time  (min.)  to  50%  twitch  reduction  in  mouse  hemidiaphragm  assay  using  20  nM  scFv  +  20  pM  BoNT/A, 
compared  to  time  for  BoNT/A  alone.  Each  value  is  the  mean  +  SEM  of  at  least  three  observations. 
c  p  <  0.01  with  respect  to  BoNT/A. 
d  p  <  0.05  compared  to  C25. 

Figure  1.  Evaluation  of  murine  scFv  neutralization  of  BoNT/A  in  a  mouse  hemidiaphragm  model. 


The  epitopes  recognized  by  scFv  from  the  immune  human  phage  antibody  library  were 
compared  to  epitopes  recognized  by  scFv  from  murine  antibody  libraries  using  surface  plasmon 
resonance  in  a  BIAcore.  The  3  BoNT/A  He  epitopes  recognized  by  the  human  scFv  did  not 
overlap  the  epitopes  recognized  by  scFv  selected  from  the  murine  antibody  library.  scFv 
binding  to  epitope  4  (3D12)  significantly  prolonged  the  time  to  neuroparalysis  1.33  fold  (33%) 
(Table  3  and  figure  2).  While  non-overlapping,  epitope  4  is  located  near  to  epitope  1 
(recognized  by  the  murine  scFv  S25).  Similar  to  results  observed  with  S25,  a  mixture  of  3D12 
and  the  murine  scFv  C25  had  an  additive  effect  on  neutralization  (Table  3  and  Figure  2).  3F10 
binding  to  epitope  5  had  no  effect  on  time  to  neuroparalysis.  2B11  was  not  studied  for  in  vitro 
neutralization  due  to  extremely  low  expression  levels. 
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Table  3.  Affinities,  binding  kinetics,  and  in  vitro  toxin  neutralization  results  of  scFv  selected  from  phage 
antibody  libraries. 


scFv  clone  Epitope  Kda  kon  koff  Paralysis  Timc^ 

(M)  (xl05M"1s-1)  (xlO^s"1) 


Immune  Library 


3D12 

4 

3.69  x  10~8 

0.13 

0.50 

85  ±  5.0C 

3F10 

5 

7.80  x  10-9 

0.80 

0.62 

55  ±  5.0 

2B11  6 

C25  +  3D12  Combination 

BoNT/A  pure  toxin  (control) 

ND 

ND 

ND 

ND 

179  ±  2.3C 

63.9  ±2.3 

Non-immune  Library 

2A2 

7 

1.98  x  10"7 

2.35 

46.7 

56.3±  9.7 

2B10 

8 

1.29  x  10-7 

5.57 

71.6 

62.3±  6.7 

2E6 

9 

1.93  x  10-7 

1.19 

23.0 

60.9  ±  8.2 

2H6 

10 

3.86  x  10-8 

2.20 

8.50 

63.0+  5.0 

3G11 

11 

1.07  x  10-7 

0.83 

8.88 

58.4±  4.0 

2A9 

12 

2.61  x  10-8 

0.25 

0.66 

71.0±  3.0 

2B6 

13 

7.15  x  lO"8 

1.09 

7.80 

61. 9±  5.0 

3F6 

14 

6.60  x  10~8 

4.69 

30.9 

60.4±  3.6 

3C2 

15 

3.90  x  10"8 

2.10 

82.0 

61.9+4.8 

a  kon  and  koff  were  measured  by  surface  plasmon  resonance  and  Kj  calculated  as  koff/kon 

b  Time  (min.)  to  50%  twitch  reduction  in  mouse  hemidiaphragm  assay  using  20  nM  scFv  +  20  pM  BoNT/A, 
compared  to  time  for  BoNT/A  alone.  Each  value  is  the  mean  ±  SEM  of  at  least  three  observations. 

c  p<0.01 

ND:  Not  determined. 

Figure  2.  Evaluation  of  immune  and  non-immune  human  scFv  neutralization  of  BoNT/A  in  a  mouse 
hemidiaphragm  model. 
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2.1C.  Results  from  non-immune  human  phage  antibody  libraries 

A  7.0  x  109  member  human  scFv  phage  antibody  library  was  created  in  pHEN-1  by 
creating  separate  Vh  and  Vl  libraries  on  separate  replicons,  combining  them  into  an  scFv  gene 
repertoire  by  splicing  by  overlap  extension,  and  cloning  the  scFv  gene  repertoire  into  the  phage 
display  vector  pHENl  ((39)  and  see  appendix  2).  27  unique  scFv  were  isolated  from  the  non- 
immune  human  phage  antibody  library  (14  a-BoNT/A,  5  a-BoNT/  B,  5a-BoNT/  C,  and  3  a- 
BoNT/E  (see  Table  1).  After  selecting  on  BoNT/A  HC/  half  of  the  scFv  analyzed  (10  unique 
scFv)  bound  both  BoNT/A  He  and  the  holotoxin.  The  10  scFv  bound  to  9  different  epitopes, 
with  Kd  ranging  from  2.0  x  10'7  M  to  3.8  x  10‘8  M  (Table  3).  The  epitopes  recognized  did  not 
overlap  epitopes  recognized  by  scFv  selected  from  immune  murine  and  human  phage  antibody 
libraries. 

In  vitro  toxin  neutralization  was  determined  using  a  mouse  hemidiaphragm  preparation 
for  scFv  binding  to  each  non-overlapping  epitope  on  He-  None  of  the  scFv  from  the  non- 
immune  library  neutralized  BoNT/A  in  vitro  (Table  3  and  figure  2,  above). 

2.1D.  Determination  of  in  vivo  toxin  neutralization  capacity  of  monoclonal  antibodies 

To  determine  the  in  vivo  neutralization  capacity  of  scFv,  it  was  necessary  to  modify  the 
molecules  to  prolong  the  serum  half  life.  To  do  this,  we  decided  to  fuse  the  scFv  to  the  Fc 
portion  of  human  IgGl.  The  resulting  scFv-Fc  fusion  would  have  a  molecular  mass  of 
approximately  100  kDa,  well  above  the  renal  threshold  for  clearance.  The  expression  host  we 
chose  was  the  methyltrophic  yeast  Pichia  pastoris.  We  chose  Pichia  due  to  its  reported  high 
expression  levels  of  recombinant  protein  and  the  relative  speed  with  which  the  fermentations 
could  be  performed  (three  to  five  days  compared  to  several  weeks  for  mammalian  expression 
systems).  Construction  of  scFv-Fc  fusions  also  greatly  reduced  the  time  necessary  to  create  the 
genetic  constructs  for  expression.  The  scFv  gene  could  be  simply  subcloned  intact  into  the 
appropriate  expression  vector.  Construction  of  complete  IgG  would  require  subcloning  both 
the  Vh  and  Vl  genes  separately.  Pichia  vectors  for  co-expression  of  two  chains  (as  required  for 
IgG)  also  do  not  exist,  so  we  would  have  had  to  use  a  mammalian  system.  Since  we  wanted  to 
analyze  a  relatively  large  number  of  scFv,  it  was  decided  to  construct  scFv-Fc  fusions  and  use 
Pichia  as  the  expression  host. 

To  date,  scFv-Fc  fusions  have  been  constructed  for  the  two  murine  scFv  which  showed 
neutralization  capacity  in  the  hemidiaphragm  assay  (S25  and  C25)  as  well  as  for  the  human  scFv 
3D12  which  also  showed  neutralization  capacity  in  the  same  assay.  Both  C25  and  S25  were 
expressed  in  shake  flasks  with  yields  after  purification  of  1.5  mg/L  for  C25  and  300  ug/L  for 
S25.  3D12  has  yet  to  be  expressed.  To  determine  the  pharmacokinetics  of  scFv-Fc  fusions  in 
mice,  the  C25-Fc  fusion  protein  was  radiolabelled  and  administered  to  mice  in  20  ug  doses,  both 
intravenously  and  intraperitoneally.  Figure  3  shows  that  the  C25-Fc  fusion  had  dramatically 
prolonged  serum  perseverance  whether  administered  intravenously  or  intraperitoneally,  with  a 
tl/2  f°r  the  beta  phase  of  52  and  93  hours  for  i.v.  or  i.p.  administration  respectively.  This 
compares  to  only  2.5  to  3.5  hours  for  an  scFv  (40).  The  increased  retention  of  the  scFv-Fc  fusions 
can  be  attributed  to  the  increased  size  of  the  scFv-Fc  homodimer  which  places  the  mass  well 
above  the  renal  threshold  for  clearance. 

To  determine  neutralization  capacity  in  vivo,  mice  were  injected  intraperitoneally  either 
with  20  or  100  LD50s  of  BoNT/A  alone  or  mixed  with  50  ug  of  either  C25  scFv-Fc  or  S25  scFv-Fc 
or  a  combination  of  C25  and  S25  scFv-Fc  fusions.  The  results  are  shown  in  figure  4.  At  the 
lower  does  of  toxin  (20  LD50s),  there  was  significant  prolongation  of  the  time  to  death.  Without 
antibody,  all  mice  were  dead  by  24  hours.  In  contrast  6/6  mice  receiving  toxin  plus  S25  fusion 
were  alive  and  4/6  mice  receiving  C25  were  alive.  Survival  decreased  with  increasing  time 
from  antibody  and  toxin  administration.  At  the  higher  dose  of  toxin  (100  LD50s),  only  a  minor 
prolongation  is  seen  with  either  C25  or  S25  scFv-Fc  fusions  compared  to  toxin  alone  (figure  4). 
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Figure  3.  Biodistribution  of  scFv-Fc  fusions  injected  into  mice  either  intravenously  or  intraperitoneally. 


Figure  4.  Results  of  in  vivo  toxin  neutralization  by  C25  and  S25  scFv-Fc  fusions.  Mice  were  injected 
intraperitoneally  (i.p.)  with  20  or  100  LD50s  of  toxin  or  toxin  plus  one  or  both  of  the  scFv-Fc  fusions.  Left  panel  = 
20LD50S  of  toxin,  right  panel  =  100  LD50s  of  toxin. _ 

When  C25  and  S25  are  administered  together,  time  to  death  is  prolonged  significantly  at 
the  higher  toxin  does,  with  one  mouse  surviving  at  24  hours.  The  results  indicate  that  both  C25 
and  S25  have  in  vivo  toxin  neutralization  capacity,  albeit  at  relatively  modest  toxin  doses.  It  is 
likely  that  this  effect  would  be  greater  if  the  serum  concentrations  of  the  antibodies  were  higher. 
As  can  be  seen  from  the  biodistribution  data,  the  serum  concentrations  of  antibody  at  the  time 
the  mice  begin  dying  (48  hours)  is  less  than  10%  of  the  administered  dose.  For  a  complete  IgG, 
this  value  would  be  closer  to  50%.  We  hypothesize  that  the  more  rapid  clearance  of  the  Fc 
fusion  results  from  the  glycosylation  pattern  in  Pichia  pastoris.  Pichia  hypermannosylates 
proteins,  which  can  then  be  rapidly  cleared  in  vivo  by  the  high  affinity  mannose  receptors.  ' 
Analysis  of  the  scFv-Fc  fusions  before  and  after  deglycosylation  indicates  that  the  majority  of 
the  protein  is  glycosylated.  Removal  of  the  glycosylation  site  in  the  Fc  should  lead  to  a 
significantly  higher  serum  level  of  antibody  at  the  later  time  points.  This  could  lead  to  a 
significant  increase  in  the  survival  rate  observed.  Co-administration  of  S25  and  C25  lead  to 
partial  protection  against  higher  toxin  doses.  This  recapitulates  in  vitro  toxin  neutralization 
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results  (figure  1)  showing  a  synergistic  effect  of  the  C25  and  S25  combination  in  toxin 
neutralization.  Again,  it  is  likely  that  this  effect  would  be  more  marked  with  higher  serum 
concentrations  of  antibody.  Increasing  antibody  affinity  should  also  lead  to  more  potent  toxin 
neutralization.  In  section  4  (conclusions)  the  implications  of  these  results  are  discussed. 

2.2  Detailed  results 

In  the  sections  below,  we  provide  more  details  of  the  results  summarized  above.  This 
section  is  followed  by  conclusions  and  our  future  plans. 

2.2A.  Results  from  immune  human  scFv  phage  antibody  libraries 

2.2A1.  Construction  of  immune  human  scFv  phage  antibody  libraries  from  the  mRNA  of 

volunteers  immunized  with  polyvalent  BoNT  vaccine. 

Eight  previously  immunized  human  volunteers  were  boosted  with  pentavalent 
Botulinum  toxoid  at  USAMRIID  and  peripheral  blood  harvested  two  weeks  later.  Peripheral 
blood  lymphocytes  were  separated  over  Ficoll  and  total  RNA  prepared.  This  RNA  was  used  as 
the  source  material  for  preparation  of  human  immune  phage  antibody  libraries.  The  Vh  and  Vl 
genes  were  amplified  from  the  RNA  of  all  8  donors  using  pools  of  family  specific  Vh,  Vk,  and 
V\  Back  primers  and  Jh,  Jk,  and  J\  Forward  primers  (19,  21)).  The  Vh  and  Vl  genes  of  donor  6 
were  spliced  together  to  create  an  scFv  gene  repertoire.  The  scFv  gene  repertoire  was  digested 
with  Ncol  and  Notl  and  ligated  into  pCANTAB5E  (Pharmacia)  digested  with  Ncol  and  Notl. 
Aliquots  of  the  ligation  mixture  were  used  to  transform  electrocompetent  E.  coli  TGI  to  create  a 
phage  antibody  library  of  7.7  x  105  transformants.  PCR  screening  was  used  to  determine  the 
percent  of  clones  with  proper  size  insert.  By  PCR  screening,  15/15  randomly  selected  clones 
had  full  length  scFv  insert  by  PCR  screening  (figure  1  A),  66%  of  these  have  a  VK  light  chain  and 
33%  have  a  V\  light  chain  (as  determined  by  PCR  screening,  data  not  shown).  BstNl 
fingerprinting  was  used  to  determine  the  extent  of  library  diversity  (23).  All  15  scFv  screened 
had  a  unique  BstNl  fingerprint  (figure  5B).  The  number  of  clones  capable  of  secreting  scFv  was 
determined  by  dot  blotting  using  a  monoclonal  antibody  directed  against  the  E-tag  at  the  C- 
terminus  of  scFv.  55%  of  randomly  selected  clones  expressed  scFv  as  determined  by  dot 
blotting  with  anti-E  tag  antibody  (figure  6).  5  random  clones  were  sequenced  and  all  had 
human  Vh  and  Vl  genes  (data  not  shown).  This  phage  antibody  library  prepared  from  donor  8 
was  selected  on  BoNT/A,  BoNT/B,  BoNT/C,  BoNT/E,  and  BoNT  C-fragment. _ 

A.  B. 


4 


Figure  5.  PCR  screening  and  fingerprint  analysis  of  an  scFv  phage  antibody  library  prepared  from  human 
donor  6  immunized  with  pentavalent  Botulinum  toxoid.  A.  Agarose  gel  analysis  of  the  results  of  PCR 
screening.  All  15  clones  screened  had  an  scFv  size  insert  (approximately  800  bp).  B.  Results  of  BstNl 
fingerprinting.  The  PCR  product  shown  in  panel  A  was  digested  with  BstNl  and  the  products  analyzed  on  an 
agarose  gel.  All  15  clones  analyzed  had  a  unique  fingerprint,  demonstrating  the  diversity  of  the  library  at  the  DNA 
level. 
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Figure  6.  Evaluation  of  the  scFv  expression  level  of  randomly  selected  clones  from  an  scFv  phage  antibody 
library  prepared  from  human  donor  6  immunized  with  penta valent  Botulinum  toxoid.  scFv  expression  was 
induced  from  96  randomly  selected  clones  from  an  immune  human  scFv  phage  antibody  library  at  either  30°C  (left 
panel)  or  25°C  (right  panel).  Bacterial  supernatant  containing  expressed  scFv  was  applied  to  a  nitrocellulose 
membrane,  and  the  presence  of  scFv  detected  using  an  anti-E  tag  antibody  and  anti-mouse  Fc-HRP.  Best  expression 
results  were  obtained  at  25°C,  with  48/96  (50%)  expressing  detectable  quantities  of  scFv. _ 

2.2A2.  Selection  of  BoNT  binding  scFv  from  an  immune  human  library 

Phage  expressing  scFv  which  bound  Botulinum  neurotoxins  were  selected  by  panning 
the  phage  library  on  immobilized  BoNT/A,  BoNT/B,  BoNT/C,  BoNT/E,  or  BoNT  C-fragment. 
Toxins  were  provided  either  by  Dr.  Ray  Stevens  (BoNT/A)  or  USAMRIID  (BoNT/B,  BoNT/C, 
BoNT/E)  and  recombinant  C-fragment  expressed  from  E.  coli  was  obtained  from  Ophidian. 
Briefly,  immunotubes  (Nunc,  Maxisorb)  were  coated  with  2  ml  (50  pg/ml)  of  BoNT/A, 
BoNT/B,  BoNT/C,  BoNT/E,  or  BoNT  C-fragment  in  PBS  overnight  at  20°C  and  blocked  with 
2%  milk  powder  in  PBS  for  2  h  at  37°C.  1  ml  of  the  phage  solution  (approximately  1013  phage) 
was  added  to  the  tubes  and  incubated  at  20°C  for  2  hours.  Nonbinding  phage  were  eliminated 
by  sequential  washing  (15  times  with  PBS  containing  0.05%  Tween  followed  by  15  times  with 
PBS).  Binding  phage  were  then  eluted  from  the  immunotubes  by  adding  1ml  of  100  mM 
triethylamine,  incubating  for  10  min  at  20°C,  transferring  the  solution  to  a  new  tube,  and 
neutralizing  with  0.5  ml  1M  Tris  HC1,  pH  7.4.  Half  of  the  eluted  phage  solution  was  used  to 
infect  10  ml  of  E.coli  TGI  grown  to  an  A600  nm  of  0.8-0.9.  After  incubation  for  30  min  at  3 7°C, 
bacteria  were  plated  on  TYE  plates  containing  100  pg/ml  ampicillin  and  1%  glucose  and  grown 
overnight  at  37 ”C.  Phage  were  rescued  and  concentrated  by  precipitation  with  PEG  and  used 
for  the  next  selection  round.  The  selection  process  was  repeated  for  a  total  of  3  rounds. 

2.2A3.  Screening  for  BoNT  binding  scFv  from  an  immune  human  library 

After  each  round  of  selection,  10  ml  of  E.coli  HB2151  (A600  nm  ~  0.8)  were  infected  with 
100  pi  of  the  phage  eluate  in  order  to  prepare  soluble  scFv.  In  this  strain,  the  amber  codon 
between  the  scFv  gene  and  gene  III  is  read  as  a  stop  codon  and  native  soluble  scFv  secreted  into 
the  periplasm  and  media  (18).  Single  ampicillin  resistant  colonies  were  used  to  inoculate 
microtitre  plate  wells  containing  150  pi  of  2  x  TY  containing  100  pg/ml  ampicillin  and  0.1% 
glucose.  The  bacteria  were  grown  to  an  A600  nm  of  1.0,  and  scFv  expression  induced  by  the 
addition  of  IPTG  to  a  final  concentration  of  1  mM  (19).  Bacteria  were  grown  overnight  at  30°C, 
the  cells  removed  by  centrifugation,  and  the  supernatant  containing  scFv  used  directly  in  an 
ELISA  to  detect  binding. 

To  screen  for  binding,  96-well  microtiter  plates  (Falcon  3912)  were  coated  overnight  at 
4°C  with  50  pg/ml  BoNT/A,  BoNT/B,  BoNT/C,  BoNT/E,  or  BoNT  C-fragment  in  PBS,  blocked 
for  2  h  at  37°C  with  2%  milk  powder  in  PBS,  and  incubated  for  1.5  hours  at  20°C  with  50  pi  of 
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the  E.coli  supernatant  containing  scFv.  Binding  of  soluble  sFv  to  antigen  was  detected  with  a 
mouse  monoclonal  antibody  which  recognizes  the  C-terminal  E  peptide  tag  and  peroxidase 
conjugated  anti-mouse  Fc  antibody  (Sigma)  using  ABTS  as  substrate.  The  reaction  was  stopped 
after  30  min  with  NaF  (3.2  mg/ml)  and  the  A405  nm  measured.  The  number  of  unique  clones 
was  identified  by  PCR  fingerprinting  (as  described  above)  followed  by  DNA  sequencing  of  the 
Vh  and  Vl  genes  of  at  least  two  clones  of  each  fingerprint  pattern.  The  specificity  of  each 
unique  scFv  was  determined  by  ELISA  performed  as  described  above  with  wells  coated  with  50 

M-g/ml  of  BoNT/A,  BoNT/B,  BoNT/C,  BoNT/E,  BoNT  C-fragment,  as  well  as  irrelevant 
proteins. 


2.2A4.  Results  of  selection  and  screening  from  an  immune  human  library 

Results  of  selections  performed  on  BoNT  A,  BoNT  B,  BoNT  C,  and  BoNT  E  are  shown  in 
lable  4.  For  each  BoNT  serotype,  the  titre  of  eluted  phage  increased  after  each  round  of 
selection.  After  the  third  round  of  selection,  43%  to  80%  of  scFv  bound  the  antigen  used  for 
selection.  ° 


ReSU,tS  of  se,ection  of  immune  scFv  phage  antibody  library  on  BoNT/A,  BoNT/B,  BoNT/C,  and 

00N  i/E. 


Antigen  used  for  selection 

Round  of  selection 

Eluted  phage  titre 

ELISA  positive  scFv 

BoNT  type  A 

1 

0/92 

2 

!  27/92 

3 

1HREI9H 

73/92 

BoNT  type  B 

1 

8.1  X  105 

1/92 

2 

4.0  x  106 

27/92 

3 

63/92 

BoNT  type  C 

1 

2 

3 

1.2  X  108 

■ 

BoNT  type  E 

1 

2.6  x  105 

ND 

2 

1.6  x  106 

ND 

3 

1.2  x  108 

40/92 

ND=not  determined 


All  positive  clones  from  the  second  and  third  rounds  of  selection  were  further 
characterized  by  DNA  fingerprinting  to  screen  for  the  number  of  unique  scFv,  and  a  specificity 
ELISA  was  performed.  Results  are  shown  below  in  Tables  5  (BoNT/A),  6  (BoNT/B)  7 
(BoNT/ C)  and  8  (BoNT /E),  and  the  results  summarized  in  Table  8. 


Table  5.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/A. 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


Numbers  in 


,  ELISA  signal  on  indicated  antigen  1 

ggiiiig 

Clone 

BoNT  A 

BoNT  B 

BoNT  C 

BoNTE 

lysozyme 

ricin 

[klh 

2(55) 

3(1) 

4(1) 

5(1) 

6(2) 

7(4) 

8(9) 

9(1) 

10(1) 


3A6 

3B8 

3E9 

3E11 

3F10 

3D3 

4A4 

3E8 

4B4 


2.001 

0.583 

0.775 

1.272 

0.370 

1.811 

1.779 

0.972 

0.643 


<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 


<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 


<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 


<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 


<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 


<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 
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fingerprint  pattern 

Clone 

BoNTA 

BoNTB 

BoNTC 

BoNTE 

lysozyme 

ricin 

KLH  | 

3B12 

1.372 

E 

■ 

4H4 

0.427 

l 

E 

2B10 

0.964 

<0.05 

<0.05 

2C7 

1.763 

<0.05 

<0.05 

KouHHH 

2B11 

1.384 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05  | 

Table  6.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/B.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


fingerprint  pattern 

ELISA  signal  on  indicated  antigen 

Clone 

BoNTA 

BoNTB 

BoNTC 

BoNTE 

mmm 

ricin 

KLH  | 

1(2) 

2G1 

<0.05 

1.087 

<0.05 

<0.05 

2(6) 

3G2 

<0.05 

1.179 

<0.05 

<0.05 

3(7) 

3A3 

<0.05 

1.827 

<0.05 

l 

<0.05 

4(16) 

3A2 

<0.05 

2.099 

<0.05 

<0.05 

<0.05 

5(3) 

3A12 

<0.05 

2.112 

<0.05 

E 

<0.05 

<0.05 

<0.05 

6(1) 

3D3 

<0.05 

1.079 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

7(6) 

3B1 

<0.05 

1.865 

<0.05 

<0.05 

<0.05 

<0.05 

8(1) 

2C8 

<0.05 

0.904 

<0.05 

B 

<0.05 

<0.05 

<0.05 

9(2) 

2D1 

<0.05 

1.567 

<0.05 

<0.05 

<0.05 

<0.05 

10(2) 

2D12 

<0.05 

1.026 

<0.05 

<0.05 

<0.05 

<0.05 

11(3) 

3G9 

<0.05 

0.970 

<0.05 

<0.05 

<0.05 

<0.05 

12(3) 

2G3 

<0.05 

1.638 

<0.05 

E 

<0.05 

<0.05 

<0.05 

13(1) 

3A1 

<0.05 

1.309 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

14(1) 

3A9 

<0.05 

1.518 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

15(1) 

3F5 

<0.05 

0.994 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

16(1) 

3H8 

<0.05 

1.031 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

Jim _ 

3H1 

<0.05 

1.288 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

Table  7.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/C.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


ELISA  signal 

on  indicated  antigen 

fingerprint  pattern 

Clone 

BoNTA 

BoNTB 

BoNTC 

BoNTE 

ricin 

KLH 

1(6) 

2A1 

<0.05 

mm 

MM 

2(3) 

2A5 

<0.05 

0.42 

H 

!■ 

R 

3(1) 

3B7 

<0.05 

mi 

<0.05 

4(1) 

2D2 

<0.05 

<0.05 

0.39 

<0.05 

<0.05 

<0.05 

<0.05 

5(1) 

3E8 

<0.05 

<0.05 

0.62 

<0.05 

<0.05 

<0.05 

<0.05 

6(1) 

3F5 

<0.05 

<0.05 

0.44 

<0.05 

<0.05 

<0.05 

<0.05 

Table  8.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/E.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


fingerprint  pattern 

ELISA  signal 

on  indicated  antigen 

Clone 

BoNTA 

BoNTB 

BoNTC 

BoNTE 

ricin 

KLH 

1(4) 

<0.05 

iiiiH 

2(5) 

mm 

E Hi 

■ 

1 

3(1) 

mm 

<0.05 

E5M 

WSM 

<0.05 

BBS 
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All  scFv  were  highly  specific  for  the  serotype  used  for  selection,  with  no  cross  reactivity 
observed.  BoNT/A  and  BoNT/B  appeared  to  more  immunogenic  than  BoNT/E  based  on  the 
number  of  different  scFv  isolated. 

DNA  fingerprinting  is  a  crude  estimate  of  the  number  of  unique  scFv  present,  but  it  is 
certainly  possible  for  scFv  with  the  same  fingerprint  to  have  different  DNA  sequences  and 
specificities.  This  is  because  BstNl,  the  restriction  enzyme  used  for  fingerprinting,  tends  to  cut 
in  the  Vh  and  Vl  framework  regions,  rather  than  in  the  antigen  binding  loops  (CDRs).  Thus  we 
sequenced  multiple  clones  from  each  restriction  pattern.  The  number  of  unique  scFv  for  each 
serotype  is  shown  below  in  table  9  and  the  sequences  of  the  Vh  and  Vl  genes  are  shown  in 
Tables  10-14  in  appendix  3. 


Table  9.  Summary  of  selection  results  on  BoNT/A,  BoNT/B,  BoNT/C,  and  BoNT/E. 


BoNT  serotype  used  for  selection 

Number  of  unique  scFv 
(as  determined  by  PCR  fingerprinting) 

BoNT/A 

23 

BoNT/B 

16 

BoNT/C 

6 

BoNT/E 

3 

2.2B.  Results  from  a  non-immune  Fab  phage  antibody  library 


In  the  original  contract,  we  had  proposed  performing  selections  from  a  pre-existing  non- 
immune  3.0  x  1(V  member  scFv  phage  antibody  library  in  order  to  produce  as  many  scFv  as 
possible  (19).  During  the  review  interval,  Griffiths  et  al.  demonstrated  that  use  of  larger  phage 
antibody  fragment  libraries  yielded  a  greater  number  of  binders,  with  better  affinities  (27).  We 
therefore  utilized  this  7.0  x  10^  Fab  phage  antibody  library  for  selections  performed  on 
BoNT/A.  The  library  was  kindly  provided  Dr.  Greg  Winter  at  the  MRC  Centre  for  Protein 
Engineering.  Phage  were  prepared  and  the  library  selected  on  50  |Xg/ml  BoNT/A  immobilized 
on  polystyrene,  and  the  polyclonal  phage  prep  checked  after  each  round  of  selection  for  binding 
to  BoNT/A  by  ELISA.  Binding  was  detected  using  goat  polyclonal  anti-M13  antibody, 
biotinylated  mouse  anti-sheep  Fc,  and  streptavidin  HRP.  Results  are  shown  in  Table  15.  After  4 
rounds  of  selection  the  ELISA  signal  of  polyclonal  phage  on  BoNT  A  had  increased  from  0.05  to 
1.4. 


Table  15.  Results  of  selection  of  a  non-immune  Fab  library  on  BoNT/A. 


Round  of  selection 

ELISA  signal  A405  nm 

1 

0.05 

2 

0.07 

3 

0.7 

4 

1.4 

Unlike  phagemid  vectors  used  for  scFv  phage  antibody  libraries,  the  Fab  library  is  in  a 
phage  vector.  This  is  necessitated  by  the  combinatorial  infection  approach  used  to  generate  the 
library.  For  expression  of  native  soluble  (non-fusion)  Fab,  the  Fab  gene  cassette  must  be 
subcloned.  The  Fab  gene  cassette  was  amplified  from  the  polyclonal  phage  prep  after  the  third 
and  fourth  rounds  of  selection,  and  cloned  into  the  vector  pUC119  mycHisXba  (27).  Fab  was 
expressed  from  individual  colonies  and  analyzed  for  binding  to  BoNT/A  by  ELISA.  Binding 
was  detected  using  anti-myc  tag  antibody  and  anti-mouse  Fc-HRP.  Results  are  shown  in  Table 
16. 


Table  16.  Frequency  of  ELISA  positive  Fab  after  subcloning  for  expression  of  native  Fab. 


Round  of  selection 

ELISA  positive  clones 

3 

6/92 

4 

15/92 

page  (18) 


Final  report,  DAMD17-94-C-4034 


Tames  D.  Marks  M.D..  Ph.D. 


15/92  Fab  screened  by  ELISA  bound  BoNT/A.  A  single  PCR  fingerprint  pattern  was 
observed  on  screening  these  14  clones,  and  DNA  sequencing  revealed  a  single  unique  Fab  BIO. 
This  Fab  did  not  bind  BoNT  C-fragment.  Fab  was  expressed  and  purified  by  IMAC  followed  by 
gel  filtration.  The  affinity  of  the  Fab  was  determined  by  BIAcore  (as  described  above).  BoNT/A 
(15  pg/ml  in  acetate  buffer  pH  5.5)  was  immobilized  to  a  CM5  sensor  chip  using  EDC-NHS 
chemistry.  The  chip  surface  was  regenerated  between  runs  using  20  mM  glycine,  pH  10.5.  Kd 
was  4.6  x  10-8  M,  with  a  kon  of  3.76  x  105  M'V1  and  a  kotf  of  1.74  xlO'2  s'1. 

The  isolation  of  only  a  single  BoNT  binding  Fab  was  unexpected,  given  the  library  size 
and  our  results  with  smaller  scFv  phage  antibody  libraries.  We  concluded  that  our  inability  to 
isolate  a  greater  number  of  Fab  resulted  from  3  major  library  limitations:  1)  difficulty  in 
subcloning  Fab  genes  for  expression,  2)  low  expression  levels  of  many  Fabs  resulting  in 
inadequate  quantities  of  material  for  characterization,  and  3)  the  library  was  relatively  unstable. 
These  limitations  are  a  result  of  creating  the  library  in  a  phage  vector,  and  the  use  of  the  cre-lox 
recombination  system.  We  therefore  decided  that  the  best  approach  for  this  project  was  to  use  a 
very  large  scFv  library  using  a  phagemid  vector.  The  goal  was  to  produce  a  library  at  least  100 
times  larger  than  our  previous  3.0  x  107  member  scFv  library.  Creation  of  this  library  was 
largely  funded  by  DAMD17-94-J-4433,  however  the  library  is  summarized  briefly  below  and  the 
manuscript  is  included  in  appendix  2. 

2.2C.  Results  from  a  non-immune  scFv  phage  antibody  library 

2.2C1.  Creation  and  validation  of  a  7.0  x  109  member  human  non-immune  scFv  phage 

antibody  library 

To  create  a  very  large  scFv  library,  the  approach  taken  was  to  clone  the  Vh  and  Vl 
library  on  separate  replicons,  combine  them  into  an  scFv  gene  repertoire  by  splicing  by  overlap 
extension,  and  clone  the  scFv  gene  repertoire  into  the  phage  display  vector  pHENl  (Figure  7). 
Human  peripheral  blood  lymphocyte  and  spleen  RNA  was  primed  with  immunoglobulin  CK, 
Q.,  and  IgM  primers,  and  1st  strand  cDNA  synthesized.  1st  strand  cDNA  was  used  as  a 
template  for  PCR  amplification  of  the  VH,  VK,  and  V*,  gene  repertoires.  The  VH  gene  repertoires 
were  cloned  into  the  vector  pUCll9Sfi-Not  as  Ncol-Notl  fragments,  to  create  a  library  of  8.0  x 
108  members.  The  library  was  diverse  by  PCR  fingerprinting.  Single  chain  linker  DNA  was 
spliced  onto  the  VK,  and  gene  repertoires  using  PCR  and  the  repertoire  cloned  as  an  Xhol- 
Notl  fragment  into  the  vector  pHENIXscFv  to  create  a  library  of  7.2  x  106  members.  The  VH  and 
VL  gene  repertoires  were  amplified  from  their  respective  vectors  and  spliced  together  using 
PCR  to  create  an  scFv  gene  repertoire.  The  scFv  gene  repertoire  was  cloned  as  an  Ncol-Notl 
fragment  into  the  vector  to  create  an  scFv  phage  antibody  library  of  7.0  x  109  members.  The 
library  was  diverse  as  determined  by  BstNl  fingerprinting. 

To  verify  the  quality  of  the  library,  phage  were  prepared  and  selected  on  14  different 
protein  antigens  (39).  The  results  are  shown  in  Table  17.  scFv  antibodies  were  obtained  against 
all  antigens  used  for  selection,  with  between  3  and  15  unique  scFv  isolated  per  antigen  (average 
8.7)  (Table  17).  This  compares  favorably  to  results  obtained  from  smaller  scFv  libraries  (1  to  a 
few  binders  obtained  against  only  70%  of  antigens  used  for  selection).  Affinities  of  4  anti-erbB-2 
scFv  and  4  anti-Botulinum  scFv  were  measured  using  surface  plasmon  resonance  in  a  BIAcore 
and  found  to  range  from  4.0  x  10‘9  M  to  2.2  x  10-10M  for  the  anti-ErbB2  scFv  and  2.6  x  10’8  M  to 
7.15  x  10'8  M  for  the  anti-Botulinum  scFv  (Table  18).  scFv  were  highly  specific  for  the  antigen 
used  for  selection  (see  below  for  BoNT  scFv)  The  scFv  could  be  successfully  used  in  a  number 
of  immunologic  assays  including  ELISA,  immunofluorescence.  Western  blotting,  epitope 
mapping  and  immunoprecipitation.  The  number  of  binding  antibodies  for  each  antigen,  and 
the  affinities  of  the  binding  scFv  are  comparable  to  results  obtained  from  the  best  phage 
antibody  libraries  (Table  19).  Thus  the  library  was  established  as  a  source  of  panels  of  human 
antibodies  against  any  antigen  with  affinities  at  least  equivalent  to  the  secondary  murine 
response. 
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Figure  7.  Method  for  construction  of  a  large  human 
scFv  phage  antibody  library.  The  strategy  for  library 
vl  construction  involved  optimizing  the  individual  steps  of 

library  construction  to  increase  both  the  efficiency  of 
scFv  gene  assembly  and  to  increase  the  efficiency  of 
cloning  assembled  scFv  genes.  (A).  First,  mRNA  from 
lymphocytes  was  used  to  generate  Vh  and  Vl  gene 
repertoires  by  RTPCR  which  were  cloned  into  different 
vectors  to  create  Vh  and  Vl  gene  libraries  of  8.0  x  108 
and  7.2  x  106  members  respectively.  The  cloned  V-gene 
1  ^  libraries  provided  a  stable  and  limitless  source  of  Vh  and 

Vl  genes  for  scFv  assembly.  DNA  encoding  the  peptide 
(G4S)3  was  incorporated  into  the  5‘  end  of  the  Vl 
O  f  library.  This  permitted  generation  of  scFv  genes  by  PCR 

-  *  •  -  splicing  2  DNA  fragments.  Previously,  scFv  gene 

repertoires  were  assembled  from  3  separate  DNA 
fragments  consisting  of  Vh,  Vl  and  linker  DNA.  (B) 
Vh  and  Vl  gene  repertoires  were  amplified  from  the 
separate  libraries  and  assembled  into  an  scFv  gene 
repertoire  using  overlap  extension  PCR.  The  primers 
0  used  to  reamplify  the  Vh  and  Vl  gene  repertoires 

annealed  200  bp  upstream  of  the  5’  end  of  the  Vh  genes 
and  200  bp  down  stream  of  the  Vl  genes.  These  long 
overhangs  ensured  efficient  restriction  enzyme 
digestion. (C.)  The  scFv  gene  repertoire  was  digested 
with  Ncol  and  Notl  and  cloned  into  the  plasmid  pHENl 
as  fusions  with  the  M 13  gene  III  coat  protein  gene  (HD 
for  phage-display. 

Table  17.  Results  of  phage  antibody  library  selections.  For  each  antigen  (column  1),  the  number  and  the 
percentage  of  positive  clones  selected  (column  2)  and  the  number  of  different  antibodies  isolated  (column  3)  is 
indicated. 


L 


v 

T 


j — mu 


wtfl 


Genelll 


Protein  antigen  used  for  selection 

Percentage  (number)  of  ELISA 
positive  clones 

Number  of  different  antibodies 
isolated 

FGF  Receptor  ECD 

69(18/26) 

15 

BMP  Receptor  Type  I  ECD 

50  (12/24) 

12 

Activin  Receptor  Type  I  ECD 

66(16/24) 

7 

Activin  Receptor  Type  II  ECD 

66(16/24) 

4 

Erb-B2  ECD 

91  (31/34) 

14 

VEGF 

50  (48/96) 

6 

BoNT/A 

28  (26/92) 

14 

BoNT-A  C-fragment 

95  (87/92) 

10 

BoNT/B 

10(9/92) 

5 

BoNT/C 

12(11/92) 

5 

BoNT/E 

9  (8/92) 

3 

Bungarotoxin 

67  (64/96) 

15  i 

Cytochrome  b5 

55  (53/96) 

5 

Chlamydia  trachomatis  EB 

66  (63/96) 

7 
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Table  18.  Affinities  and  binding  kinetics  of  anti-BoNT/A  C-fragment  and  anti-Erb-B2  scFv.  Association  (k^) 
and  dissociation  (k0ff)  rate  constants  for  purified  scFvs  were  measured  using  surface  plasmon  resonance  (BIAcore) 
and  Kfl  calculated  as  (k0ff/k0n). _ 


Specificity  and  clone 

HdSdMllHI 

kon  (x  lOSM-ls-l) 

k0ff  (x  10-3s-l) 

ErbB-2  B7A 

0.22 

4.42 

0.1 

ErbB-2GllD 

0.48 

2.19 

0.11 

ErbB-2  A11A 

0.49 

3.69 

0.18 

ErbB-2  F5A 

4.03 

1.62 

0.65 

BoNT-A  2A9 

26.1 

0.25 

0.66 

BoNT-A  2H6 

38.6 

2.2 

8.5 

BoNT-A  3F6 

66.0 

4.7 

30.9 

BoNT-A  2B6 

71.5 

1.1 

7.8 

Table  19.  Comparison  of  protein  binding  antibodies  selected  from  non-immune  phage-display  antibody  libraries.  * 
For  library  type,  N  =  V-gene  repertoires  obtained  from  V-genes  rearranged  in  vivo;  SS  =  semi-synthetic  V-genes 
constructed  from  cloned  V-gene  segments  and  synthetic  oligonucleotides  encoding  VH  CDR3.  ND  =  not 
determined. 


Library 

Library  size  and  type* 

Number  of 
protein 
antigens 
studied 

Average 
number  of 
antibodies  per 
protein  antigen 

Number 
of  affinities 
measured 

Range  of 
affinities  for 
protein 
antigens 

Kd  (x  10-*M) 

Marks  et  al  (19) 

2 

2.5 

1 

100-2000 

Nissim  et  al  (41) 

15 

2.6 

ND 

ND 

deKruif  et  al  (42) 

12 

1.9 

3 

100  -  2500 

Griffiths  et  al  (27) 

30 

4.8 

3 

7-58 

Vaughan  et  al  (28) 

3 

7.0 

3 

4.2  -  8.0  ; 

Sheets  et  al  (this  work) 

6.7  x  109  (scFv,  N) 

14 

8.7 

8 

0.22  -  71.5 

2.2C2.  Selection  and  characterization  of  BoNT  binding  scFv  from  a  non-immune  library 

scFv  binding  BoNT/ A,  BoNT/B,  BoNT/C,  BoNT/E,  and  BoNT/ A  C-fragment  were 
selected  and  characterized  as  described  above  in  section  3.1  above.  Results  are  shown  below  in 
Tables  20  and  21. 


Table  20.  Results  of  selection  of  a  non-immune  scFv  phage  antibody  library  on  BoNT/A,  BoNT/B,  BoNT/C, 
and  BoNT/E. 


Antigen  used  for  selection 

Round  of  selection 

Eluted  phage  titre 

ELISA  positive  scFv  I 

BoNT  type  A 

1 

HK1BMI 

2 

8/92 

3 

5.0  x  107 

10/92 

BoNT  type  B 

1 

0/92 

2 

4.9  x  104 

7/92 

3 

2.4  x  108 

9/92 

BoNT  type  C 

1 

0/92 

2 

3.3  x  105 

10/92 

3 

3.3  xlO8 

11/92 

BoNT  type  E 

1 

1.0  x  104 

0/92 

2 

1.8  x  105 

1/92 

3 

4.0  x  108 

4/92 
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Table  21.  Results  of  selection  of  a  non-immune  scFv  phage  antibody  library  on  BoNT/A  C-fragment. 


Round  of  selection 

Eluted  phage  titre 

BoNT  A  C-fragment 
ELISA  positive  scFv 

BoNT  A  ELISA  positive 
scFv 

1 

0/92 

ND 

2 

10/92 

3 

1.5  x  109 

11/92 

All  positive  clones  from  the  second  and  third  rounds  of  selection  were  further 
characterized  by  DNA  fingerprinting  to  screen  for  the  number  of  unique  scFv,  and  a  specificity 
ELISA  was  performed.  Results  are  shown  below  in  Tables  22  (BoNT/A),  23  (BoNT/B),  24 
(BoNT/C),  25  (BoNT/E),  and  26  (BoNT/A  C-fragment). 


Table  22.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/A.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


fingerprint  pattern 

i 

ELISA  signal  on  indicated  antigen  1 

Clone 

BoNT  A 

BoNTB 

BoNT  C 

lysozyme 

ricin 

KLH 

1(2) 

2D8 

<0.315 

ES1I1 

mam 

ESI 

<0.05 

2(2) 

3D1 

0.795 

<0.05 

<0.05 

3(2) 

4C10 

0.697 

<0.05 

1 

<0.05 

1 

<0.05 

4(1) 

3F6 

0.522 

<0.05 

1 

<0.05 

V'\' ' 

<0.05 

I 

3H3 

0.701 

<0.05 

<0.05 

11mm 

<0.05 

Table  23.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/B.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


fingerprint  pattern 

ELISA  signal  on  indicated  antigen 

Clone 

BoNT  A 

BoNTB 

BoNT  C 

BoNTE 

IBSBBWM 

ricin 

KLH  | 

3D1 

<0.05 

mm 

Esa 

3D7 

<0.05 

0.834 

0.218 

1 

EH 

2A5 

0.327 

0.635 

<0.05 

1 

<0.05 

<0.05 

3B6 

<0.05 

0.532 

<0.05 

<0.05 

2A12 

<0.05 

<0.05 

<0.05 

<0.05 

3A12 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05 

<0.05  1 

Table  24.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/C.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


fingerprint  pattern 

ELISA  signal  on  indicated  antigen 

Clone 

BoNT  A 

BoNTB 

BoNT  C 

BoNTE 

IBiWMM 

ricin 

KLH 

1(15) 

3C4 

EH 

EH 

1.349 

mm 

<0.05 

2(5) 

2B12 

WSm 

ij 

0.710 

<0.05 

3(1) 

2F10 

<0.05 

H 

0.410 

<0.05 

<0.05 

<0.05 

4(1) 

3B6 

<0.05 

<0.05 

0.629 

<0.05 

<0.05 

<0.05 

5(1) 

2A9 

<0.05 

<0.05 

0.352 

<0.05 

<0.05 

<0.05 

<0.05 

Ml _ 

3D5 

<0.05 

0.440 

0.375 

<0.05 

<0.05 

<0.05 

<0.05 

Table  25.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/E.  Numbers  in 
parentheses  indicate  the  number  of  clones  with  a  given  fingerprint  pattern. 


ELISA  signal  on  indicated  antigen  1 

fingerprint  pattern 

Clone 

BoNT  A 

BoNTB 

BoNT  C 

BoNTE 

ricin 

KLH 

3C8 

ElgH 

<0.05 

2D7 

<0.05 

Broil 
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Table  26.  Fingerprint  pattern  and  specificity  ELISA  signals  of  scFv  selected  on  BoNT/A  C-fragment. 


fingerprint  pattern 

ELISA  signal  on  indicated 

antigen 

Clone 

BoNT  A  C-fragment 

BoNT  A 

BSA 

KLH 

lysozyme 

1(2) 

2B10 

0.872 

0.619 

<0.05  | 

<0.05 

<0.05 

2(2) 

2A9 

1.658 

0.661 

<0.05 

<0.05 

<0.05 

3(2) 

2B1 

0.658 

0.637 

<0.05 

<0.05 

<0.05 

4(2) 

3B7 

0.780 

0.449 

<0.05 

<0.05 

<0.05 

5(1) 

2B6 

0.621 

0.335 

<0.05 

<0.05 

<0.05 

6(2) 

3B10 

0.695 

0.598 

<0.05 

<0.05 

<0.05 

7(2) 

2H6 

0.778 

0.977 

<0.05 

<0.05 

<0.05 

mu _ 

3C2 

0.798 

0.363 

<0.05 

<0.05 

<0.05 

The  Vh  and  Vl  genes  of  at  least  2  clones  of  each  DNA  fingerprint  pattern  were 
sequenced  and  the  partial  sequences  are  shown  in  Tables  27-31  in  appendix  3.  The  number  of 
unique  scFv  identified  by  DNA  sequencing  is  summarized  in  Table  32. 


Table  32.  Summary  of  selection  results  on  BoNT/A,  BoNT/B,  BoNT/C,  and  BoNT/E. 


BoNT  type  used  for  selection 

Number  of  unique  scFv 
(as  determined  by  DNA  sequencing) 

BoNT/A 

5 

BoNT/B 

5 

BoNT/C 

5 

BoNT/E 

3 

BoNT/A  C-Fragment 

10 

2.2D.  Further  characterization  of  BoNT/A  binding  scFv  from  immune  and  non-immune 

human  phage  antibody  libraries 

Since  our  contract  is  focused  on  producing  antibodies  which  neutralize  BoNT/A,  we 
further  characterized  the  23  immune  and  15  non-immune  scFv  which  bound  BoNT/A.  The 
domain  specificity  of  each  scFv  was  determined  by  specificity  ELISA  performed  as  described 
above,  but  using  BoNT/A,  BoNT/A  C-fragment  (Ophidian)  or  BoNT  translocation  domain 
(Hn)  coated  at  50  pg/ml.  To  produce  translocation  domain,  the  gene  encoding  the  translocation 
domain  was  amplified  by  PCR  and  cloned  into  the  pET  vector  (Novagen)  with  expression  under 
control  of  the  T7  promoter.  This  work  was  performed  in  the  Marks  laboratory.  Recombinant 
translocation  domain  was  expressed  and  purified  by  immobilized  metal  affinity 
chromatography  (IMAC)  in  the  laboratory  of  Dr.  Ray  Stevens  at  U.C.  Berkeley.  The  results  of 
the  domain  specificity  are  shown  below  in  Table  33. 


Table  33.  Domain  specificity  of  human  BoNT/A  binding  scFv  selected  from  phage  antibody  libraries. 


scFv  Specificity 

Number  of  unique  scFv 

Humans  immunized  with 
toxoid 

Non-immune  humans 

Total  scFv 

BoNT/A  Hc 

6 

10 

16 

BoNT/A  HN 

4 

2 

6 

BoNT/A  light  chain 

16 

3 

19 

For  subsequent  characterization  of  scFv  for  neutralization  capacity,  we  focused  on  those 
scFv  which  bound  BoNT/A  He  since  polyclonal  antibodies  to  mice  immunized  with  this 
domain  have  been  shown  to  be  protected  against  toxin  (33).  Since  the  number  of  scFv  for  in 
vitro  neutralization  studies  was  large  (16  scFv)  we  sought  to  reduce  the  number  by  first  epitope 
mapping  and  ranking  the  k0ff  of  each  anti-BoNT/A  scFv.  We  would  then  study  the  highest 
affinity  scFv  to  each  epitope  to  identify  those  with  neutralizing  capacity.  Epitope  mapping  and 
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affinity  measurements  were  performed  by  BIAcore  exactly  as  described  in  reference  (37).  The 
results  are  summarized  below  in  Table  34.  Clone  2B1  could  not  be  epitope  mapped  due  to  its 
low  expression  levels.  From  the  immune  library,  scFv  recognized  two  different  epitope  clusters. 
scFv  binding  one  of  these  clusters  (cluster  1)  neutralized  BoNT/A  in  vitro.  From  the  non- 
immune  library,  many  more  epitope  clusters  were  recognized.  No  non-immune  scFv,  however, 
exhibited  in  vitro  neutralization.  scFv  with  homologous  Vh  CDR3s  recognized  the  same 
epitopes  (Table  35). 

Table  34.  Affinities,  binding  kinetics,  and  in  vitro  toxin  neutralization  results  of  scFv  selected  from  phage 
antibody  libraries. 


Clone 

Cluster 

<M) 

^on 

(105  M_1  s_1) 

ko(( 

cicrV1) 

Paralysis 

Time* 

Immune  Library 

3D12§ 

i 

3.69  x  10-« 

0.13 

0.50 

8S±5.0b 

2A2 

I 

ND 

2B10 

I 

ND 

3Fl(r 

ii 

7.80  xlO-9 

0.80 

0.62 

55±  S.Od 

3B6 

II 

ND 

2B1 

ND 

ND 

Non-immune  Library 

2B10* 

III 

1.29  xlO'7 

5.57 

71.6 

62.3±  6.7d 

2A2 

III 

ND 

2E6* 

IV 

1.93  xlO"7 

1.19 

23.0 

60.9  ±  8.2d 

2H6* 

V 

3.86  x  10-8 

2.20 

8.50 

63.0±5.0d 

2B1* 

VI 

1.07  xlO*7 

0.83 

8.88 

58.4+ 4.0d 

2A9* 

VII 

2.61  x  10-8 

0.25 

0.66 

71.0+  3.0d 

2B6* 

VIII 

7.15  x  10-8 

1.09 

7.80 

61.9+  5.0d 

3D1* 

IX 

4.60  x  10-7 

1.31 

60.3 

58.3+  3.8d 

3F6§ 

X 

6.60  x  lO"8 

4.69 

30.9 

60.4+ 3.6d 

3C2* 

XI 

3.90  x  10-8 

2.10 

82.0 

61.9+  4.8d 

kon  and  kGff  were  measured  by  Biacoree  and  Kj  calculated  as  koff/kon  ^  Time  (min.)  to  50%  twitch  reduction  in 
mouse  hemidiaphragm  assay  using  20  nM  scFv  +  20  pM  BoNT/A,  compared  to  time  for  BoNT/A  alone.  Library 
selected  on  BoNT/A,.  *  Library  selected  on  BoNT/A  He-,  a  p<0.05,  “  p<0.01  compared  to  BoNT/A,  c  p<0.01 
compared  to  BoNT/A,  ^  not  significant  ND  =  not  determined 

Table  35.  CDR3-Sequences  and  affinities  for  human  scFv  antibodies  isolated  from  immune  and  non- 
immune  libraries,  selected  on  BoNT/A  and  BoNT/A  He. 


_ Heavy  Chain _  Difference  _ Light  Chain _  Difference 

Clone  Family  Segment  from  germline  Vj-j  CDR  3  Family  Segment  from  germline  Vl  CDR  3 


Non-immune  Library 


2A2* 

VH3 

DP46 

0 

DLDYGCmGYFDL 

VX3 

DPL16 

10 

HSRDSSvnm) 

2B10* 

VH3 

DP46 

0 

DLDYGO^AGYFDL 

VX3 

DPL16 

4 

NSRDSSGNHQV 

2E6* 

VH3 

DP46 

0 

DYTANYYYYGMDV 

VX2 

DPL12 

14 

NSRDSSGW 

2H6* 

VH3 

DP47 

6 

ALQSDSPYFD 

VX3 

DPL16 

7 

NSRDSSGM1W 

3C2* 

VH3 

DP46 

2 

DLAIFAQOY 

VX3 

DPL16 

9 

KSRDSRQSIHLAL 

2B1* 

VH3 

DP46 

0 

M3PEAFDY 

VkI 

LI 

11 

D33YNGWT 

2A9* 

VH3 

DP54 

5 

QPGM 

VkI 

L12A 

6 

QQANSFPRT 

2B6* 

VH3 

DP47 

3 

VGVDRWYPADY 

VkI 

LI  2  A 

5 

QQYHTISRT 

3D1* 

VH3 

DP47 

7 

DLGYGSGTSSYYIDY 

VX3 

DPL16 

5 

NSRDSSCMW 

3F6§ 

VH3 

DP47 

2 

DUDGSGAYFDY 

VX3 

DPL16 

3 

NSRDSSQSIHW 
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Clone 

Heavy  Chain 

Family  Segment 

Difference 
from  germline 

VH  CDR  3 

Light  Chain 

Family  Segment 

Difference 
from  germline 

VL CDR 3 

Immune  Library 
3A6§„  VH3 

DP50 

18 

EPUflLlMZDRGNJJJ 

VkI 

L12 

8 

QHYNTYPYT 

3D12S 

VH3 

DP50 

13 

EPIMLjIMXRGAIJIV 

VkI 

L12 

10 

QHYNTYFYT 

2A1* 

3B8* 

3Flo| 

2B11§ 

VH3 

DP50 

14 

EPDWIIiOM^ALDV 

VkI 

L12 

4 

QHYNTYPYT 

VHI 

Vl-2 

10 

LATYYYFX3JIV 

VkI 

DPK7 

12 

QQYNSYVYT 

VHI 

Vl-2 

10 

LATYYYPGLCV 

VkI 

DPK8 

10 

QQLNSYFLT 

VHI 

DP10 

11 

GH/'JHLVGYFDS 

VkI 

L12 

11 

QQLISYFLT 

§  Library  selected  on  BoNT/A,  "“Library  selected  on  BoNT/A  He.  Human  germline  Vh,  Vfc  and  Vi 
segments  have  been  assigned  as  detailed  in  the  V-BASE  database  (MRC  Centre  for  Protein  Engineering, 
Cambridge,  UK).  Listed  clones,  with  identical  Vjj  or  Vl  CDR  3  regions,  showed  different  CDR  1,  CDR  2 
and  Framework  regions,  as  indicated  by  their  differences  from  the  germline  genes 

2.2D.  Isolation  and  characterization  of  murine  scFv  from  a  mouse  immunized  with 

recombinant  BoNT/A  C-fragment 

The  methodology  for  the  experiments  described  below  have  largely  been  described 
above  and  are  also  outlined  in  detail  in  the  manuscript  in  appendix  1  (37). 

2.2D1.  Murine  phage  antibody  library  construction 

Two  phage  antibody  libraries  were  constructed  from  the  Vh  and  VK  genes  of  immunized 
mice.  For  library  1,  a  mouse  was  immunized  twice  with  BoNT/A  He  and  challenged  2  weeks 
after  the  second  immunization  with  100,000  LD50S  of  BoNT/A.  The  mouse  survived  the 
BoNT /A  challenge,  and  1  week  later  was  sacrificed.  The  spleen  was  removed  immediately  after 
sacrifice  and  total  RNA  prepared.  For  library  construction,  IgG  heavy  chain  and  kappa  light 
chain  mRNA  were  specifically  primed  and  1st  strand  cDNA  synthesized.  Vh  and  VK  gene 
repertoires  were  amplified  using  PCR  and  Vh,  Jh/  Vk  and  JK  primers  provided  in  the 
recombinant  phage  antibody  system.  The  Vh  and  VK  gene  repertoires  were  randomly  spliced 
together  to  create  a  scFv  gene  repertoire  using  synthetic  DNA  encoding  the  15  amino  acid 
peptide  linker  (G4S)3-  Each  scFv  gene  repertoire  was  separately  cloned  into  the  phage  display 
vector  pCANTAB5E  (Pharmacia).  After  transformation,  a  library  of  2.1  x  106  members  was 
obtained.  90%  of  clones  had  an  insert  of  the  appropriate  size  for  a  scFv  gene,  as  determined  by 
PCR  screening  and  the  cloned  scFv  genes  were  diverse  as  determined  by  PCR  fingerprinting. 
DNA  sequencing  of  10  unselected  clones  from  library  1  revealed  that  all  Vh  genes  were  derived 
from  the  murine  Vh2  family  and  all  VK  genes  were  derived  from  the  murine  VK4  and  Vk6 
families.  Based  on  this  observed  V-gene  bias,  family  specific  Vh  arid  VK  primers  were  designed 
along  with  Jh  and  JK  gene  segment  specific  primers  (Table  1  in  appendix  1).  These  primers 
were  then  used  to  construct  a  second  phage  antibody  library.  For  library  2,  a  mouse  was 
immunized  three  times  with  BoNT/A  He  and  sacrificed  2  weeks  after  the  third  immunization. 
The  mouse  was  not  challenged  with  BoNT/A  prior  to  spleen  harvest  as  this  led  to  the 
production  of  non  He  binding  antibodies  (see  results  of  selection,  below).  The  spleen  was 
harvested  and  a  phage  antibody  library  constructed  as  described  above  except  that  Vh,  Jh/  Vk, 
and  JK  specific  primers  were  used.  After  transformation,  a  library  of  1.0  x  106  members  was 
obtained.  95%  of  clones  had  an  insert  of  the  appropriate  size  for  a  scFv  gene,  as  determined  by 
PCR  screening  and  the  cloned  scFv  genes  were  diverse  as  determined  by  PCR  fingerprinting 
(data  not  shown).  DNA  sequencing  of  10  unselected  clones  from  library  2  revealed  greater 
diversity  than  from  library  1;  Vh  genes  were  derived  from  the  VhI,  Vh2,  and  Vh3  families  and 
VK  genes  were  derived  from  the  VK2,  VK3,  Vk4,  and  Vk6  families. 

2.2D2.  Selection  and  initial  characterization  of  phage  antibodies 

To  isolate  BoNT/A  binding  phage  antibodies,  phage  were  rescued  from  the  library  and 
selected  on  either  purified  BoNT/A  or  BoNT/A  Hc.  Selections  were  performed  on  the 
holotoxin  in  addition  to  He  since  it  was  unclear  the  extent  to  which  the  recombinant  toxin  He 
would  mimic  the  conformation  of  the  He  in  the  holotoxin.  Selection  for  BoNT/A  and  BoNT/A 
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He  binders  was  performed  on  antigen  adsorbed  to  polystyrene.  In  addition  He  binding  phage 
were  selected  in  solution  on  biotinylated  He,  with  capture  on  streptavidin  magnetic  beads 
(library  1)  or  on  hexahistidine  tagged  He  (library  2),  with  capture  on  Ni+2-NTA  agarose. 
Selections  in  solution  were  utilized  based  on  our  previous  observation  that  selection  on  protein 
adsorbed  to  polystyrene  could  yield  phage  antibodies  which  did  not  recognize  native  protein 
(40).  Selection  in  solution  was  not  performed  on  the  holotoxin  due  to  our  inability  to 
successfully  biotinylate  the  toxin  without  destroying  immunoreactivity. 

After  two  to  three  rounds  of  selection,  at  least  67%  of  scFv  analyzed  bound  the  antigen 
used  for  selection  (Table  36).  The  number  of  unique  scFv  was  determined  by  DNA 
fingerprinting  followed  by  DNA  sequencing,  and  the  specificity  of  each  scFv  was  determined 
by  ELISA  on  pure  BoNT/A  and  recombinant  BoNT/A  He  and  Hiq.  scFv  binding  BoNT/A  but 
not  binding  He  or  Hn  were  presumed  to  bind  the  light  chain  (catalytic  domain).  A  total  of  33 
unique  scFv  were  isolated  from  mice  immunized  with  He  and  challenged  with  BoNT/A 
(library  1,  Table  37).  When  library  1  was  selected  on  holotoxin,  25  unique  scFv  were  identified. 
Only  2  of  these  scFv,  however,  bound  He,  with  the  majority  (21)  binding  the  light  chain  and  two 
binding  Hjsj.  Selection  of  library  1  on  He  yielded  an  additional  8  unique  scFv  (Tables  36  and 
37).  Overall,  however,  only  50%  of  scFv  selected  on  He  also  bound  holotoxin.  This  result 
suggests  that  a  significant  portion  of  the  He  surface  may  be  inaccessible  in  the  holotoxin. 
Alternatively,  scFv  could  be  binding  He  conformations  that  do  not  exist  in  the  holotoxin.  From 
mice  immunized  with  He  only  (library  2)  all  scFv  selected  on  holotoxin  also  bound  He.  As  with 
library  1,  however,  only  50%  of  scFv  selected  on  He  bound  holotoxin.  In  all,  18  unique  He 
binding  scFv  were  isolated  from  library  2,  resulting  in  a  total  of  28  unique  He  binding  scFv 
(Tables  37  (see  below)  and  Table  38  (in  appendix  3).  scFv  of  identical  or  related  sequences  were 
isolated  on  both  He  immobilized  on  polystyrene  and  in  solution.  Thus  in  the  case  of  He,  the 
method  of  selection  was  not  important. 

Table  36.  Frequency  of  binding  clones  from  immune  murine  phage  antibody  libraries 


Frequency  of  ELISA  positive  clones* 

Antigen  used  for  selection 

i 

Round  of  selection 

2 

3 

A.  Library  1b 

BoNT/A:  immunotubec 

20/184 

124/184 

ND 

BoNT/A  Hc:  immunotube 

7/92 

86/92 

88/92 

BoNT/A  Hc:  biotinylated^ 

7/90 

90/90 

90/90 

14/48 

48/48 

ND 

B.  Library  2e 

BoNT/A:  immunotube 

ND 

81/92 

ND 

BoNT/A  Hc:  immunotube 

ND 

ND 

76/92 

BoNT/A  Hc:  Ni++-NTA/ 

ND 

ND 

67/92 

a  For  selections  on  BoNT/A  and  BoNT/A  He,  ELISA  done  on  immobilized  BoNT/A  and  BoNT/A  He,  respectively. 
b  library  1  derived  from  a  mouse  immunized  twice  with  BoNT/A  Hc  and  once  with  BoNT/A.  c  Immunotube 
selections  performed  with  the  antigen  absorbed  onto  immunotubes. 

^  Biotinylated  selections  performed  in  solution  with  capture  on  streptavidin  magnetic  beads.  e  library  2  derived 
from  a  mouse  immunized  three  times  with  BoNT/A  Hc.  /  Ni++-NTA  selections  performed  in  solution  with  capture 
on  Ni++-NTA  agarose.  ND,  data  not  determined  from  selection  performed. 
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Table  37.  Specificity  of  BoNT  binding  scFv  selected  from  phage  antibody  libraries 


scFv  Specificity 

Number  of  unique  scFv 

library  1 

library  2 

BoNT/A  Hc 

10 

18 

BoNT/A  Hn 

2 

0 

BoNT/A  light  chain 

21 

0 

Total 

33 

18 

2.2D3.  Epitope  mapping  of  murine  scFv 


All  28  unique  He  binding  scFv  were  epitope  mapped  using  surface  plasmon  resonance 
in  a  BIAcore.  Mapping  of  the  28  scFv  yielded  4  non-overlapping  epitopes  recognized  on  He 
(Table  38).  scFv  recognizing  only  epitopes  1  and  2  were  obtained  from,  library  1,  whereas  scFv 
recognizing  all  4  epitopes  were  obtained  from  library  2.  Many  of  the  scFv  recognizing  the  same 
epitope  (Cl  and  S25,  C9  and  C15;  1E8  and  1G7;  1B6  and  1C9;  C25  and  C39;  2G5,  3C3,  3F4,  and 
3H4;  1A1  and  1F1;  1B3  and  1C6;  1G5  and  1H6;  1F3  and  2E8)  had  Vh  domains  derived  from  the 
same  V-D-J  rearrangement,  as  evidenced  by  the  high  homology  of  the  Vh  CDR3  and  VH-gene 
segment.  These  scFv  differ  only  by  substitutions  introduced  by  somatic  hypermutation  or  PCR 
error.  For  epitopes  1  and  2,  most  or  all  of  the  scFv  recognizing  the  same  epitope  are  derived 
from  the  same  or  very  similar  Vh  gene  segments  but  differ  significantly  with  respect  to  Vh 
CDR3  length  and  sequence  (5/9  scFv,  epitope  1;  8/8  scFv,  epitope  2)  (Table  38).  These  include 
scFv  derived  from  different  mice.  Given  the  great  degree  of  diversity  in  Vh  CDR2  sequences  in 
the  primary  repertoire  (43),  specific  Vh  gene  segments  may  have  evolved  for  their  ability  to 
form  binding  sites  capable  of  recognizing  specific  pathogenic  antigenic  shapes.  In  contrast, 
greater  structural  variation  appears  to  occur  in  the  rearranged  VK  genes.  For  example,  three 
different  germline  genes  and  CDR1  main  chain  conformations  (44)  are  observed  for  epitope  2, 
where  all  the  Vh  genes  are  derived  from  the  same  germline  gene.  Such  ’promiscuity’  in  chain 
pairings  has  been  previously  reported  (23). 

2.2D4.  Affinity,  binding  kinetics,  and  in  vitro  toxin  neutralization 

Affinity,  binding  kinetics,  and  in  vitro  toxin  neutralization  were  determined  on  one 
representative  scFv  binding  to  each  epitope.  For  each  epitope,  the  scFv  chosen  for  further  study 
had  the  best  combination  of  expression  level  and  slowest  koff,  as  determined  during  epitope 
mapping  studies.  Kd  for  the  four  scFv  studied  ranged  between  7.3  x  10'8  M  and  1.1  x  10‘9  M 
(Table  39),  values  comparable  to  those  reported  for  monoclonal  IgG  produced  from  hybridomas 
(38).  C25  has  the  highest  affinity  (Kd  =  1.1  x  10'^  M)  reported  for  an  anti-botulinum  toxin 
antibody.  kon  differed  over  84  fold  and  koff  differed  over  33  fold  between  scFv  (Table  39).  In 
vitro  toxin  neutralization  was  determined  using  a  mouse  hemidiaphragm  preparation  and 
measuring  the  time  to  50%  twitch  tension  reduction  for  BoNT/A  alone  and  in  the  presence  of 
2.0  x  10'8  M  scFv.  Values  are  reported  in  time  to  50%  twitch  reduction.  scFv  binding  to  epitope 
1  (S25)  and  epitope  2  (C25)  significantly  prolonged  the  time  to  neuroparalysis  1.5  fold  (52%)  and 
2.7  fold  (270%)  respectively.  In  contrast,  scFv  binding  to  epitopes  3  and  4  had  no  significant 
effect  on  the  time  to  neuroparalysis.  A  mixture  of  S25  and  C25  had  a  significant  additive  effect 
on  the  time  to  neuroparalysis,  with  the  time  to  50%  twitch  reduction  increasing  to  3.9  fold 
(390%).  6 


page  (27) 


Final  report,  Contract  No.  DAMD17-94-C-4034 


James  D.  Marks  M.D.,  Ph.D. 


Table  39.  Affinities,  binding  kinetics,  and  in  vitro  toxin  neutralization  results  of  scFv  selected  from  phage 
antibody  libraries 


scFv 

clone 

Epitope 

K/ 

(M) 

kon 

(xl04M_1  s”1) 

koff 

(xlO-V1) 

Paralysis 

Time*’ 

S25 

1 

7.3  x  10-8 

1.1 

0.82 

85±10c 

C25 

2 

1.1  xlO-9 

30 

0.33 

151  +  12c 

C39 

2 

2.3  x  10-9 

14 

0.32 

139  ±  8.9C 

1C6 

3 

2.0  xlO-8 

13 

2.5 

63  ±3.3 

1F3 

4 

1.2  xlO"8 

92 

11 

52  +  1.4 

C25  +  S25  Combination 
BoNT/A  pure  toxin  (control) 

218±22cd 

56  ±  3.8 

a  k0n  and  k0ff  were  measured  by  surface  plasmon  resonance  and  Kj  calculated  as  k0ff/k0n.  b  Time  (min.)  to  50% 
twitch  reduction  in  mouse  hemidiaphragm  assay  using  20  nM  scFv  +  20  pM  BoNT/A,  compared  to  time  for 
BoNT/A  alone.  For  C25  +  S25  combination,  20  nM  scFv  each  was  used.  Each  value  is  the  mean  ±  SEM  of  at  least 
three  observations.  c  p  <  0.01  compared  to  BoNT/A.  dp<  0.05  compared  to  C25 

3.  Conclusions 

3.1  Phage  libraries  are  a  powerful  approach  to  generating  monoclonal  antibodies  to  BoNT 

Using  phage  display  and  immune  and  non-immune  phage  antibody  libraries,  a  total  of 
130  unique  scFv  were  generated.  This  included  51  scFv  from  immunized  mice,  51  scFv  from 
immunized  humans  and  28  scFv  from  a  non-immune  antibody  library. 

3.2.  Non-immune  phage  antibody  libraries  are  a  rapid  means  of  generating  serotvpe 
specific  antibodies 

We  have  generated  a  non-immune  phage  antibody  library  that  can  generate  a  panel  of 
antibodies  to  any  protein  antigen.  Once  a  non-immune  library  is  generated,  antibodies  can  be 
selected  in  less  than  5  days  giving  a  polyclonal  mixture  that  can  specifically  recognize  antigen. 
Cloning  out  the  monoclonals  takes  several  more  days.  Libraries  such  as  these  can  be  extremely 
useful  tools  for  developing  detecting  to  new  or  novel  biowarfare  agents.  The  non-immune 
approach  makes  it  possible  to  make  specific  antibodies  faster  than  any  other  technique.  In  the 
case  of  BoNT,  no  neutralizing  antibodies  were  obtained  from  the  non-immune  library,  but  that 
may  not  be  the  case  for  all  toxins. 

3.3  The  BoNT/A  He  is  a  more  potent  immunogen  for  generating  neutralizing  antibodies 

The  most  potent  neutralzing  antibodies  were  obtained  from  mice  immunized  with  the 
BoNT/A  He  fragment  which  represents  the  cellular  binding  domain.  Neutralizing  antibodies 
recognizing  two  non-overlapping  epitopes  were  obtained  with  this  immunogen.  This  is  not 
surprising  since  the  most  effective  route  for  antibodies  to  neutralize  toxin  is  to  prevent  binding 
to  the  cellular  receptor.  In  contrast,  a  relatively  small  percentage  of  antibodies  from  humans 
immunized  with  polyvalent  toxoid  recognized  BoNT/A  He-  Neutralizing  antibodies 
recognizing  only  1  epitope  were  obtained  with  this  immunogen. 

3.4  There  appear  to  be  two  neutralizing  epitopes  on  BoNT/A  He 

Results  from  both  the  murine  and  human  libraries  indicate  an  additivity  for  either  in 
vitro  or  in  vivo  toxin  neutralization  when  scFv  or  scFv-Fc  fusions  recognizing  two  non¬ 
overlapping  epitopes  on  He  are  co-administered.  This  could  represent  either  a  broad  receptor 
binding  surface  on  the  toxin  (for  one  cellular  receptor)  or  the  presence  of  two  cellular  receptors 
for  toxin.  We  need  to  confirm  the  importance  of  blocking  both  receptors  by  repeating  these 
studies  using  a  combination  of  one  antibody  that  recognizes  a  neutralizing  epitope  and  one  that 
does  not. 

3.5.  BoNT/A  neutralizing  antibodies  have  been  generated 


page  (28) 


Final  report,  Contract  No.  DAMD17-94-C-4034 


James  D.  Marks  M.D.,  Ph.D. 


Multiple  neutralizing  murine  antibodies  recognizing  two  different  epitopes  and  multiple 
human  antibodies  recognizing  a  single  epitope  have  been  produced.  None  of  these  antibodies 
by  themselves  provides  high  titer  toxin  neutralization  in  vivo.  The  most  potent  of  these  are 
murine  antibodies  recognizing  one  of  these  epitopes.  The  failure  to  get  additional  human 
neutralizing  antibodies  is  likely  to  be  due  to  the  nature  of  the  toxoid  immunogen  and  the 
relatively  small  number  of  circulating  B-lymphocytes  in  human  blood  (the  source  of  Ig  genes  for 
library  construction.  It  is  likely  that  the  potency  of  these  existing  antibodies  can  be  increased  by 
increasing  the  serum  half  life.  This  can  be  accomplished  by  removing  the  glycosylation  site  for 
the  Pichia  produced  scFv-Fc  fusions  or  expressing  these  fusions  or  complete  IgG  in  mammalian 
cells.  It  should  also  be  possible  to  increase  potency  by  increasing  antibody  affinity. 

4.  Future  Work 

We  are  continuing  this  work  under  a  new  contract.  We  plan  on  accomplishing  the  listed 
objectives  with  the  overall  goal  of  generating  neutralizing  antibodies  to  the  botulinum 
neurotoxins. 

4.1  Complete  in  vivo  evaluation  of  3D12  scFv-Fc  fusion  (a  human  antibody  that  neutralizes 
toxin  in  vitro) 

4.2  Remove  glycosylation  site  from  human  Fc  to  determine  effect  of  increased  serum 
concentration  of  scFv-Fc  fusion  on  toxin  neutralization. 

4.3  Determine  the  role  of  affinity  on  toxin  neutralization  by  increasing  affinity  of  the  most 
potent  in  vivo  neutralizing  scFv-Fc  fusion  (either  S25,  C25  or  3D12  depending  on  the  results  of 
in  vivo  studies. 

4.4  Construct  new  libraries  and  antibodies  from  Xenomice  immunized  with  BoNT/A, 
BoNT/B  and  BoNT/E  HC.  The  Xenomice  are  transgenic  for  the  human  Ig  locus  and  thus 
generate  human  antibodies.  The  fact  that  we  are  working  with  mice  means  that  we  can  use  the 
preferred  immunogen  for  generating  neutralizing  antibodies  (the  He)  and  we  can  harvest 
spleens  (the  best  source  for  Ig  genes).  This  work  will  be  done  in  collaboration  with  Abgenix. 
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To  produce  antibodies  capable  of  neutralizing  botulinum  neurotoxin  type  A  (BoNT/A),  the  murine  humoral 
immune  response  to  BoNT/A  binding  domain  (H( )  was  characterized  at  the  molecular  level  by  using  phage 
antibody  libraries.  Mice  were  immunized  with  BoNT/A  Hc,  the  spleens  were  harvested,  and  single-chain  Fv 
(scFv)  phage  antibody  libraries  were  constructed  from  the  immunoglobulin  heavy  and  light  chain  variable 
region  genes.  Phage  expressing  BoNT/A  binding  scFv  were  isolated  by  selection  on  immobilized  BoNT/A  and 
BoNT/A  Hc.  Twenty-eight  unique  BoNT/A  Hc  binding  scFv  were  identified  by  enzyme-linked  immunosorbent 
assay  and  DNA  sequencing.  Epitope  mapping  using  surface  plasmon  resonance  in  a  BlAcore  revealed  that  the 
28  scFv  bound  to  only  4  nonoverlapping  epitopes  with  equilibrium  constants  (Kd)  ranging  from  73  x  10“8  to 
1.1  X  10~*  M.  In  a  mouse  hemidiaphragm  assay,  scFv  binding  epitopes  1  and  2  significantly  prolonged  the  time 
to  neuroparalysis,  1.5-  and  2.7-fold,  respectively,  compared  to  toxin  control.  scFv  binding  to  epitopes  3  and  4 
showed  no  protection  against  neuroparalysis.  A  combination  of  scFv  binding  epitopes  1  and  2  had  an  additive 
effect  on  time  to  neuroparalysis,  which  increased  to  3.9-fold  compared  to  the  control.  The  results  suggest  that 
there  are  two  “productive”  receptor  binding  sites  on  Hc  which  lead  to  toxin  internalization  and  toxicity. 
Blockade  of  these  two  epitopes  with  monoclonal  antibodies  may  provide  effective  immunoprophylaxis  or 
therapy  against  BoNT/A  intoxication. 


Botulism  is  a  life-threatening  flaccid  paralysis  caused  by  a 
neurotoxin  produced  by  the  anaerobic  bacterium  Clostridium 
botulinum .  The  disease  typically  results  from  ingestion  of  pre¬ 
formed  toxin  present  in  contaminated  food  (15)  or  from  toxin 
produced  in  vivo  from  infected  wounds  (50)  or  in  the  intestines 
of  infants  (2)  (or  occasionally  adults).  In  severe  cases,  patients 
require  prolonged  hospitalization  in  an  intensive -care  unit  and 
mechanical  ventilation.  Specific  therapy  consists  of  administra¬ 
tion  of  botulism  antitoxin  trivalent  (equine)  (48);  however,  this 
product  has  a  high  incidence  of  side  effects,  including  serum 
sickness  and  anaphylaxis  (5).  To  avoid  these  side  effects,  hu¬ 
man  BIG  has  been  produced  from  immunized  volunteers  and 
its  efficacy  is  being  determined  in  a  prospective  randomized 
trial  in  infants  with  botulism  (1).  While  theoretically  nontoxic, 
human  BIG  also  has  limitations,  largely  related  to  production 
issues.  These  include  potential  transmission  of  biood-bome 
infectious  diseases,  variability  in  potency  and  specificity  be¬ 
tween  lots,  and  the  need  to  immunize  humans.  The  latter  issue 
has  taken  on  increased  importance  with  the  use  of  BoNTs  for 
the  treatment  of  a  range  of  neuromuscular  diseases  (28,  41). 
Immunization  of  volunteers  for  production  of  BIG  would  de¬ 
prive  them  of  subsequent  botulinum  therapy. 

As  an  alternative  to  immune  globulin,  neutralizing  mono¬ 
clonal  antibodies  with  defined  potency  and  specificity  could  be 
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produced  in  unlimited  quantities.  To  date,  however,  no  effica¬ 
cious  neutralizing  antibotulinum  monoclonal  antibodies  have 
been  produced  (38).  Potential  explanations  for  this  failure  in¬ 
clude  the  following:  (i)  a  neutralizing  epitope(s)  is  less  immu¬ 
nogenic  than  other  epitopes;  (ii)  too  few  unique  monoclonal 
antibodies  have  been  studied;  (iii)  a  toxoid  immunogen  (form¬ 
aldehyde-inactivated  crude  toxin)  which  poorly  mimics  the 
conformation  of  the  neutralizing  epitope(s)  has  been  used;  and 
(iv)  multiple  epitopes  must  be  blocked  in  order  to  achieve  ef¬ 
ficient  neutralization  (32).  To  address  these  issues,  and  to  gen¬ 
erate  neutralizing  antibodies  to  BoNT/A,  we  have  produced 
and  characterized  a  large  panel  of  monoclonal  antibodies  from 
immunized  mice.  To  generate  antibodies  capable  of  preventing 
the  binding  of  toxin  to  its  cellular  receptor(s),  mice  were  im¬ 
munized  with  BoNT/A  Hc  (33).  This  domain  contains  the  re¬ 
gions)  thought  to  bind  to  presynaptic  neuronal  receptors,  the 
first  requisite  step  for  intoxication,  and  results  in  protective 
immunity  when  used  as  an  immunogen  (11,  33).  To  produce 
and  characterize  the  greatest  number  of  monoclonal  antibod¬ 
ies  possible,  we  used  phage  display  (10*37;  reviewed  in  refer¬ 
ence  34).  Murine  VH  and  VK  genes  were  used  to  construct 
libraries  of  millions  of  recombinant  scFv,  which  were  displayed 
on  the  surface  of  filamentous  bacteriophage  (Fig.  1).  Phage  dis¬ 
playing  antibodies  binding  BoNT/A  were  isolated  by  affinity 
chromatography.  Here  we  report  the  molecular  and  biophysi¬ 
cal  characterization  of  these  antibodies,  including  specificity,  af¬ 
finity,  epitopes  recognized,  and  in  vitro  neutralization  capacity. 

MATERIALS  AND  METHODS 

Abbreviations  used.  AMP,  ampicillin;  BIG,  botulinum  immune  globulin; 
BoNT,  botulinum  neurotoxin:  BoNT/A,  BoNT  type  A;  CDR,  complementarity- 
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FIG.  I.  Strategy  (or  in  vnro  antibody  production  using  phage  display  librar¬ 
ies  mRNA  is  prepared  Irom  splenocvtes.  hm-strand  cDNA  is  prepared,  and 
antibody  VH  and  VL  genes  are  amplified  by  PCR.  VH  and  Vt  genet  are  spliced 
together  randomly  by  using  PCR  to  create  a  re  pen  01  re  o(  scFv  genes  The  scK 
gene  repertoire  a  boned  into  •  phtgemid  vector  in  frame  with  a  gene  (gill) 
encoding  a  pbageaud  minor  coat  protein  (pill).  Each  phage  m  the  resulting 
pfeage  antibody  Ubrary  expresses  an  scFv-plll  fusion  protein  on  its  surface  and 
the  gene  encoding  the  scFv  inside.  Phage  antibodies  binding  a  specific 
antigen  can  be  separated  from  nonbinding  phage  antibodies  bv  affinity  chroma¬ 
tography  on  tnfOhiliTrrl  antigen.  A  single  round  of  selection  increases  the 
number  of  antigan  binding  phage  antibodies  by  a  factor  ranging  from  20  to 
10000,  depmdng  on  the  affinity  of  the  antibody.  Eluted  phage  antibodies  are 
used  to  infect  £  cot.  which  then  produces  more  phage  antibodies  for  the  next 
round  of  selection.  Repeated  rounds  of  selection  make  it  possible  to  isolate 
antigen-binding  phage  antibodies  that  were  originally  present  at  frequencies  of 
less  than  one  tn  •  billion. 


determining  region:  ELISA,  enzyme-linked  immunosorbent  assay;  GLU.  glu¬ 
cose;  HBS,  HEPES-buffered  saline  (10  mM  HEPES,  150  mM  NaG  |pH  7.4|); 
Ho  C-termmai  domain  of  BoNT  heavy  chain  (binding  domain);  MN,  N-tcrminal 
domain  of  BoNT  heavy  chain  (translocation  domain);  IgG.  immunoglobulin  G. 
1MAC  unmobited-metal  affinity  chromatography;  IPTG.  aopcopyl-p-o-thiogii- 
lactopvranoaidc:  KAN.  kanamycm;  Kd.  equilibnum  constant;  kn9,  dissociation 
rate  constant;  association  rate  constant;  MPBS,  skim  milk  powder  in  PBS 
NT  A.  nitnlotnacetic  acid;  PBS.  phosphate-buffered  saline  (25  mM  NaH?P04, 
125  mM  NtCJ  |pH  7.0|);  RU.  resonance  units;  scFv,  aingle<hain  Fv  antibody 
fragments:  TPBS.  0.05%  (vol/vol)  Tween  20  in  PBS:  TMPBS.  0.05%  (vol/vol) 
Tween  20  in  MPBS;  TU.  transducing  units;  VM.  immunoglobulin  hcaw-chain 
variable  region;  V,,.  immunoglobulin  kappa  lighi-cham  variable  region;  V, .  im¬ 
munoglobulin  light-chain  variable  region 


OUgoaudaoUdt  design.  Family-spcafc  munne  V„  and  V.  primers  were  de¬ 
signed  as  previously  deaenbed  for  human  V-gene  pnmert  (35.  36)  to  amplify 
full-length  rearranged  V  genes.  Bnefty.  munne  VH  and  V.  DNA  sequences  were 
collected  from  the  Kabat  et  al.  (30)  and  n^sunk  datahasci  aligned,  and 
classified  bv  family,  and  family-specific  pnmert  were  designed  to  anneal  to  the 
hrst  23  nucleotides  comprising  framework  1.  SmuUrty.  JH  and  JH  gene-segment- 
spec i he  primers  were  designed  to  anneal  to  the  final  24  nudeoudes  comprising 
each  of  the  4  JM  and  5  J.  gene  segmenu  (30) 

Vector  construction.  To  construct  the  vector  pSYN3.  a  15-kb  ituifer  fragment 
was  amplified  from  pCANTAB5E  (Pharmacia  Biotech.  Milwaukee.  Wis.)  by 
using  PCR  and  the  pnmers  LMB3  (35)  and  E-ugback  ( 5 ' •  ACCACCG  AA TTCT 
TATTAATGGTGATG  ATGGTGG  ATG  ACCAGCCGGTTCCAGCGG-3 ' ) 
The  DNA  fragment  was  digested  with  5/U  and  Noil,  gel  purified,  and  ligated  into 
pC ANTAB5E  digested  with  5/H  and  No/I.  Ligated  DNA  was  used  to  transform 
Escherichia  coti  TGI  (19).  and  clones  containing  the  correct  insert  were  identi¬ 
fied  by  DNA  sequencing.  The  resulting  vector  permits  tubcloning  of  phage- 
displayed  scFv  as  Sfii-Notl  or  Nco\-Not\  fragments  for  secretion  into  the 
periplasm  of  £.  coU  as  native  scFv  wiih  a  C -terminal  E  epitope  tag  followed  bv 
a  hexahitudine  tag. 

lutahatlMU.  For  construction  of  library  1.  BALfi/c  mice  ( 16  to  22  g)  were 
immunized  at  0,  2.  and  4  weeks  with  pure  Bo  NT/A  H<-  (Ophidian  Pharmaceu¬ 
ticals,  Madison,  Wis.).  Each  animal  was  given  subcutaneously  I  ug  of  material 
adsorbed  onto  alum  (Pierce  Chemical  Co..  Rockford.  111.)  in  a  volume  of  0.5  ml 
Mice  were  challenged  2  weeks  after  the  second  mwminmnon  with  100.000  50% 
lethal  doses  of  pure  Bo  NT/ A  and  were  sacrificed  1  week  later.  For  construction 
of  library  2.  CD-I  mice  ( 16  to  22  g)  were  immunized  at  0,  2.  and  4  weeks  with 
pure  Bo  NT/A  Hr  and  were  sacrificed  2  weeks  after  the  third  immunization.  For 
both  libraries,  the  spleens  were  removed  immediately  after  sacrifice  and  total 
RNA  was  extracted  by  the  method  of  Cathata  et  al.  (7). 

Library  conatmetioa.  First-strand  cDNA  was  synthesized  from  approximately 
10  ug  of  total  RNA  exactly  as  previously  deaenbed  (35).  except  that  immuno¬ 
globulin  mRNA  was  specifically  pruned  with  10  pmol  each  of  MlgGl  For. 
MlgG3  For.  and  MC.  For  (Table  I).  For  construction  of  library  1.  rearranged 
VH  and  V.  genes  were  amplified  from  hrti-sirand  cDNA  by  using  commercially 
available  VH  and  V„  back  pnmers  and  JH  and  J.  forward  pnmers  (Kccom bins ni 
Phage  Antibody  System;  Pharmacia  Biotech).  For  library  2,  equimolar  mixture* 
of  family-specific  VH  and  V.  back  pnmers  were  used  in  comunction  with 
equimolar  mixtures  of  JH  or  J.  gene -segment-specific  forward  pnmers  in  an 
attempt  to  increase  library  diversity  (see  “Oligonucleotide  design"  above).  Re¬ 
arranged  VH  and  V.  genes  were  amplified  separately  in  50-uJ  reaction  mixtures 
containing  5  ul  of  the  hrst-strand  cDNA  reaction  mixture.  20  pmol  of  an  equimo¬ 
lar  mixture  ol  the  appropnate  back  pnmers.  20  pmol  of  an  equimolar  mixture  of 
the  appropnate  torwsrd  pnmers.  250  uM  (each)  deoxynudeoaide  triphosphate. 
1.5  mM  MgG,.  10  ug  of  bovine  serum  albumm/ml.  and  1  uU5  U)  of  7 hetmus 
aquaiteus  (Taq)  DNA  polymerase  (Promega)  in  the  buffer  supplied  by  the  man 
ulacturcr.  The  reaction  mature  was  overlaid  with  paraffin  oil  (Sigma)  and  cycled 
30  times  (at  95*C  for  1  mm.  60*C  for  1  mm.  and  7TC  for  I  mm).  Reaction 
products  were  gel  punhed.  isolated  from  the  gel  by  using  DEAL  membrane* 
eluted  from  the  membranes  with  high-salt  buffer,  ethanol  precipitated,  and 
resuspended  m  20  «xl  of  water  (43) 

scFv  gene  repertoires  were  assembled  from  punfied  VM  and  V.  pene  reper 
toires  and  linker  DNA  by  using  splicing  by  overlap  extension.  Linker  DNA 
encoded  the  peptide  sequence  (G4S) ,  (27)  and  was  compiemcmarv  to  the  3  ends 
of  the  rearranged  VH  genet  and  the  5  ends  of  the  rearranged  V.  genes.  The  V,( 
and  V.  DNAs  (1.5  of  each)  were  combined  with  500  ng  of  linker  DNA 
(Recombinant  Phage  Antibody  System:  Pharmacia  Biotech)  m  a  25-ul  PCR 
mature  containing  250  uM  (each)  deoxynudeoaide  triphosphate.  1.5  mM 
MgCI?.  10  ug  of  bovine  serum  albumin/ml.  and  1  jd  (5  U)  of  Taq  DNA  poly¬ 
merase  (Promega)  in  the  buffer  supplied  by  the  manufacturer,  and  the  mature 
was  cycled  10  times  (at  W*C  for  I  mm,  62*C  for  I  mui,  and  7TC  for  1  mm)  to 
join  the  fragments.  Flanking  oligonucleotide  pnmers  (RS,  provided  in  the  Re¬ 
combinant  Phage  Antibody  System  kit.  for  library  l  and  an  equimolar  mature  of 
V„Sh  and  J.Not  pnmers  (Table  )|  for  libraiy  2)  were  added,  and  the  reaction 
mixture  was  cycled  for  33  cycles  (at  94*C  for  1  mut,  55*C  for  1  mm.  and  72*C  for 
1  mm)  to  append  restriction  sues.  scFv  gene  repertoires  were  gel  purified  as 
described  above,  digested  with  5/51  and  Noil,  and  purified  by  electroelution,  and 
I  jig  of  each  repertoire  was  ligated  into  either  1  Vg  of  pCANTABSE  vector 
(Pharmacia  Biotech)  (library  l)or  1  ug  ofpHEN-1  (25)  (library  2)  digested  with 
5/SI  and  No/I.  The  ligation  mu  was  purified  bv  extraction  with  phenol-chloro¬ 
form.  ethanol  precipitated,  and  resuspended  m  20  id  of  water,  and  2.5-ul  sample* 
were  electroporated  ( 16)  into  50  pJ  of  £.  coli TGI  (19).  Cells  were  grown  in  I  ml 
of  SOC  (43)  for  30  mm  and  then  plated  on  TYE  (39)  medium  containing  100  up 
of  AMP/ml  and  1%  (wt/vol)  GLU  (TYE-AMP-GLU).  Colonies  were  scraped  oS 
the  plates  into  5  ml  of  2*  TY  broth  (39)  containing  100  tig  of  AMP/ml.  1%  GLU 
(2x  TY-AMP-GLU).  and  15%  (vol/vol)  glycerol  for  storage  al  -70*C  The 
cloning  efficiency  and  diversity  of  the  libraries  were  determined  by  PCR  screen 
ing  (20)  exactly  as  described  in  re  I  ere  nee  36 

Preparation  of  phage.  To  rescue  phagemid  panidei  from  the  libraries.  10  ml 
of  2x  TY-AMP-GLU  was  inoculated  with  an  appropnate  volume  of  bacteria 
(approximately  50  to  100  4I)  from  the  library  stocks  to  give  an  of  U.3  to  0.5 
and  bacteria  were  grown  lor  30  mm  with  shaking  at  3TC.  About  IUU  PFU  ol 
VCS-M13  (Stratagenc)  panicles  were  added,  and  the  mixture  was  incubated  at 
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TABLE  1.  Oligonucleotide  primers  used  for  PCR  of  mouse  immunoglobulin  genes 
Procedure  Primer  Sequence* 


lst-strand  cDNA 
synthesis 


Primary  PCR 


Reamplification 


Heavy-chain  constant  region 


MIgGl/2  For 

5'  CTG 

GAC 

AGG 

GAT 

CCA 

GAG 

TTC 

MIgG3  For 

5'  CTG 

GAC 

AGG 

GCT 

CCA 

TAG 

TTC 

k  constant  region. 

5'  CTC 

ATT 

CCT 

GTT 

GAA 

GCT 

CTT 

MC.  For 

V„b«ck 

VH1  Back 

5'  GAG 

GTG 

CAG 

CTT 

CAG 

GAG 

TCA 

V„2Uack 

5'  GAT 

GTG 

CAG 

CTT 

CAG 

GAG 

TCR 

V„3  Back 

5'  CAG 

GTG 

CAG 

CTG 

AAG 

SAG 

TCA 

V„4/6  Back 

5'  GAG 

GTY 

CAG 

CTG 

CAR 

CAR 

TCT 

V„5/9  Back 

5'  CAG 

GTY 

CAR 

CTG 

CAG 

CAG 

YCT 

V„7  Back 

5'  GAR 

GTG 

AAG 

CTG 

GTG 

GAR 

TCT 

V„8  Back 

5'  GAG 

GTT 

CAG 

CTT 

CAG 

CAG 

TCT 

VH10  Back 

5'  GAA 

GTG 

CAG 

CTG 

KTG 

GAG 

WCT 

VH11  Back 

5'  CAG 

ATC 

CAG 

TTG 

CTG 

CAG 

TCT 

VK  back 

V„1  Back 

5'  GAC 

ATT 

GTG 

ATG 

WCA 

CAG 

TCT 

V„2  Back 

5'  GAT 

GTT 

KTG 

ATG 

ACC 

CAA 

ACT 

V„3  Back 

5'  GAT 

ATT 

GTG 

ATR 

ACB 

CAG 

GCW 

Vk4  Back 

5'  GAC 

ATT 

GTG 

CTG 

ACM 

CAR 

TCT 

V„5  Back 

5'  SAA 

AWT 

GTK 

CTC 

ACC 

CAG 

TCT 

V„6  Back 

5'  GAY 

ATY 

VWG 

ATG 

ACM 

CAG 

WCT 

Vw7  Back 

5*  CAA 

ATT 

GTT 

CTC 

ACC 

CAG 

TCT 

V„8  Back 

5 '  TCA 

TTA 

TTG 

CAG 

GTG 

CTT 

GTG 

JH  forward 

J„1  For 

5'  TGA 

GGA 

GAC 

GGT 

GAC 

CGT 

GGT 

J„2  For 

5'  TGA 

GGA 

GAC 

TGT 

GAG 

AGT 

GGT 

Jh3  For 

5'  TGC 

AGA 

GAC 

AGT 

GAC 

CAG 

AGT 

Jh4  For 

5'  TGA 

GGA 

GAC 

GGT 

GAC 

TGA 

GGT 

forward 

JK1  For 

5'  TTT 

GAT 

TTC 

CAG 

CTT 

GGT 

GCC 

J*2  For 

5'  TTT 

TAT 

TTC 

CAG 

CTT 

GGT 

CCC 

L3  For 

5'  TTT 

TAT 

TTC 

CAG 

TCT 

GGT 

CCC 

J„4  For 

5'  TTT 

TAT 

TTC 

CAA 

CTT 

•TGT 

CCC 

J„5  For 

5'  TTT 

CAG 

CTC 

CAG 

CTT 

GGT 

CCC 

Restriction  site  containing 

V„  Sfi  back 

V„1  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„2  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„3  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„4/6  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„5/9  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„7  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„8  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

VHI0  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

V„ll  Sfi 

5'  GTC 

CTC 

GCA 

ACT 

GCG 

GCC 

CAG 

JK  Not  forward 

JK1  Not 

5'  GAG 

TCA 

TTC 

TCG 

ACT 

TGC 

GGC 

J„2  Not 

5'  GAG 

TCA 

TTC 

TCG 

ACT 

TGC 

GGC 

J«3  Not 

5'  GAG 

TCA 

TTC 

TCG 

ACT 

TGC 

GGC 

J„4  Not 

5'  GAG 

TCA 

TTC 

TCG 

ACT 

TGC 

GGC 

J„5  Not 

5'  GAG 

TCA 

TTC 

TCG 

ACT 

TGC 

GGC 

CA  3' 
CA  3' 

GAC  3' 


GG  3' 
GG  3' 
GG  3' 
gg  y 
GG  3' 
GG  3' 
GG  3' 
GG  3' 
GG  3' 


CC  3' 
CC  3' 

gc  y 
cc  3' 
cc  y 
cc  3' 
cc  3' 
GG  3' 


ccc  3' 
GCC  3* 
CCC  3' 
TCC  3' 


tcc  y 
ccc  3' 
ATC  3' 
CGA  3' 

agc  y 


CCG 

GCC 

ATG 

GCC 

GAG 

GTG 

CAG 

CTT 

CAG 

GAG 

TCA 

GG  3' 

CCG 

GCC 

ATG 

GCC 

GAT 

GTG 

CAG 

CTT 

CAG 

GAG 

TCR 

GG  3' 

CCG 

GCC 

ATG 

GCC 

CAG 

GTG 

CAG 

CTG 

AAG 

SAG 

TCA 

GG  3' 

CCG 

GCC 

ATG 

GCC 

GAG 

GTY 

CAG 

CTG 

CAR 

CAR 

TCT 

GG  3 

CCG 

GCC 

ATG 

GCC 

CAG 

GTY 

CAR 

CTG 

CAG 

CAG 

YCT 

GG  3' 

CCG 

GCC 

ATG 

GCC 

GAR 

GTG 

AAG 

CTG 

GTG 

GAR 

TCT 

gg  y 

CCG 

GCC 

ATG 

GCC 

GAG 

GTT 

CAG 

CTT  CAG 

CAG 

TCT 

GG  3' 

CCG 

GCC 

ATG 

GCC 

GAA 

GTG 

CAG 

CTG 

KTG 

GAG 

WCT 

GG  3' 

CCG 

GCC 

ATG 

GCC 

CAG 

ATC 

CAG 

TTG 

CTG 

CAG 

TCT 

GG  3' 

CGC 

TTT 

GAT 

TTC 

CAG 

CTT 

GGT 

GCC 

TCC 

3' 

CGC 

TTT 

TAT 

TTC 

CAG 

CTT 

GGT 

CCC 

CCC 

3' 

CGC 

TTT 

TAT 

TTC 

CAG 

TCT 

GGT 

CCC 

ATC 

3' 

CGC 

TTT 

TAT 

TTC 

CAA 

CTT 

TGT 

CCC 

CGA 

3' 

CGC 

TTT 

CAG 

CTC 

CAG 

CTT 

GGT 

CCC 

AGC 

3' 

•  Rt  A/G;  Y,  GT,  S,  G/C;  K,  GT;  W,  A/T;  M,  A/C;  V,  C/G/A;  B,  G/C/T;  H,  C/A JT. 


3TC  for  30  min  without  shaking,  followed  by  incubation  at  37°C  for  30  min  with 
shaking.  Cells  were  spun  down,  resuspended  in  50  ml  of  2x  TY  broth  containing 
100  jig  of  AMP/ml  and  50  pg  of  KAN/mf  (2x  TY-AMP-KAN),  and  grown 
overnight  with  shaking  at  25*C.  Phage  particles  were  purified  and  concentrated 
by  two  polyethylene  glycol  precipitations  (43),  resuspended  in  5  ml  of  PBS,  and 


filtered  through  a  0.45-jim-pore-size  filter.  The  phage  preparation  consistently 
resulted  in  a  titer  of  approximately  1013  TU  of  AMP-resistant  clones/ml. 

Selection  of  phage  antibody  libraries.  Both  libraries  were  selected  by  using  75- 
by  12-mm  immunotubes  (Maxisorp;  Nunc)  coated  with  1  mi  of  BoNT/A  (50 
p.g/ml;  kindly  provided  by  Ray  Stevens)  or  BoNT/A  He  (10  pg/ml)  in  PBS 
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in  a  BIAcore,  with  scFv  studied  in  pairs.  Each  scFv  was  injected  into  the  BIAcore  and  allowed  to  bind  to  BoNT/A  Hr  coupled  to  the  sensor  chip  surface  until  saturation 
was  achieved.  The  amount  (in  RU)  bound  for  each  scFv  alone  was  compared  to  the  amount  bound  when  the  two  scFv  were  mixed  and  injected  together.  Point  a, 
baseline,  followed  by  the  beginning  of  injection;  points  b,  and  b2,  initial  association  phase;  points  c,  and  c2,  beginning  of  dissociation.  The  differences  in  RU  between 
points  a  and  c  equal  the  amount  of  scFv  bound  to  BoNT/A  Hc.  (A)  Two  scFv  recognizing  different  epitopes  are  studied  (C25  and  C9).  The  amount  bound  for  the  two 
scFv  injected  together  (C9/C25;  point  c2)  is  the  sum  of  the  two  scFv  injected  alone  (c, ).  (B)  Two  scFv  recognizing  the  same  epitope  arc  studied  (C39  and  C25).  The 
amount  bound  for  the  two  scFv  injected  together  (C25/C39;  point  c)  is  the  same  as  that  for  the  two  scFv  injected  alone  (c).  The  large  differences  in  RU  between  points 
b|  and  c,,  b2  and  c^  and  b,  and  c  arc  due  to  differences  in  refractive  index  between  scFv  and  running  buffer. 


overnight  at  4°C.  Tubes  were  blocked  for  1  h  at  37°C  with  2%  MPBS,  and 
selection,  washing,  and  elution  were  performed  exactly  as  described  in  reference 
35  by  using  phage  at  a  concentration  of  5.0  x  1012  TU/ml.  One-third  of  the 
eluted  phage  was  used  to  infect  10  ml  of  log-phase  E.  coli  TGI,  which  was  plated 
on  TYE-AMP-GLU  plates  as  described  above.  The  rescue-selection-plating  cy¬ 
cle  was  repeated  three  times,  after  which  clones  were  analyzed  for  binding  by 
ELISA  Libraries  were  also  selected  on  soluble  BoNT/A  Hc.  For  library  1, 1.0  mg 
of  BoNT/A  He  (700  pg/ml)  was  biotinylated  (Recombinant  Phage  Selection 
Module;  Pharmacia)  and  purified  as  recommended  by  the  manufacturer.  For 
each  round  of  selection,  1  ml  of  phage  (approximately  1013  TU)  were  mixed  with 
1  ml  of  PBS  containing  4%  skim  milk  powder,  0.05%  Tween  20,  and  10  pg  of 
biotinylated  BoNT/A  Ho/ml.  After  1  h  at  room  temperature,  antigen-bound 
phage  were  captured  on  blocked  strcptavidin-coatcd  M280  magnetic  beads 
(Dynabeads;  Dynal)  exactly  as  described  in  reference  45.  Dynabcads  were 
washed  a  total  of  10  times  (three  times  in  TPBS,  twice  in  TMPBS,  twice  in  PBS, 
once  in  MPBS,  and  two  more  times  in  PBS).  Bound  phage  were  eluted  from  the 
Dynabeads  by  incubation  with  100  pi  of  100  mM  tricthylaminc  for  5  min  and 
were  neutralized  with  1  M  Tris-HCl,  pH  7.5,  and  one-third  of  the  eluate  was  used 
to  infect  log-phase  £.  coli  TGI.  For  library  2,  affinity-driven  selections  (22,  45) 
were  performed  by  decreasing  the  concentration  of  soluble  BoNT/A  Hr  used  for 
selection  (10  pg/m!  for  round  1,  1  pg/ml  for  round  2,  and  10  ng/ml  for  round  3). 
Soluble  BoNT/A  Hr  was  captured  on  200  pi  of  Ni2+-NTA  (Qiagen)  via  a 
C-terminal  hexahistidine  tag.  After  capture,  the  Ni2*-NTA  resin  was  washed  a 
total  of  10  times  (5  times  in  TPBS  and  5  times  in  PBS),  bound  phage  were  eluted 
as  described  above,  and  the  eluate  was  used  to  infect  log-phase  E  coli  TGI. 

Initial  characterisation  of  binders.  Initial  analysis  for  binding  to  BoNT/A, 
BoNT/A  Ho  and  BoNT/A  HN  (kindly  provided  by  Ray  Stevens)  (8)  was  per¬ 
formed  by  EUSA  using  bacterial  supernatant  containing  expressed  scFv.  Ex¬ 
pression  of  scFv  (13)  was  performed  in  96-well  microtiter  plates  exactly  as 
described  in  reference  35.  For  ELISA  microtiter  plates  (Falcon  3912)  were 
coated  overnight  at  4*C  with  either  BoNT/A  BoNT/A  H0  or  BoNT/A  HN  (10 
pg/ml)  in  PBS  and  then  were  blocked  with  2%  MPBS  for  1  h  at  room  temper¬ 
ature.  Bacterial  supernatants  containing  expressed  scFv  were  added  to  wells  and 
incubated  at  room  temperature  for  1.5  h.  Plates  were  washed  six  times  (3  times 
with  TPBS  and  3  times  with  PBS),  and  binding  of  scFv  was  detected  via  their 
C-terminal  peptide  ugs  (E  epitope  tag  for  library  1  in  pCANTAB5E  and  myc 
epitope  tag  (42]  for  library  2  in  pHEN-1)  by  using  either  anti-myc  tag  antibody 
(9E10;  Santa  Cruz  Biotechnology)  or  anti-E  antibody  (Pharmacia  Biotech)  and 
peroxidase-conjugated  anti-mouse  Fc  antibody  (Sigma),  as  described  in  refer¬ 
ences  35  and  44.  The  number  of  unique  binding  scFv  was  determined  by  Bj/N1 
fingerprinting  and  DNA  sequencing. 

Subcloning,  expression,  and  purification  of  scFv.  To  facilitate  purification, 
scFv  genes  were  subcloned  into  the  expression  vector  pUC119mycHis  (46)  or 
pSYN3,  resulting  in  the  addition  of  a  hexahistidine  tag  at  the  C-terminal  end  of 
the  scFv.  Two-hundred-mHliliter  cultures  of  E.  coli  TGI  harboring  one  of  the 
appropriate  phagemids  were  grown,  expression  of  scFv  was  induced  with  IPTG 
(13),  and  the  cultures  were  grown  at  25°C  overnight.  scFv  was  harvested  from  the 
periplasm  (6),  dialyzed  overnight  at  4°C  against  IMAC  loading  buffer  (50  mM 
sodium  phosphate  [pH  7.5),  500  mM  NaCl,  20  mM  imidazole),  and  then  filtered 
through  a  0.2-pm-pore-size  filter.  scFv  was  purified  by  IMAC  (24)  exactly  as 
described  in  reference  46.  To  separate  monomeric  scFv  from  dimeric  and  ag¬ 
gregated  scFv,  samples  were  concentrated  to  a  volume  of  <1  ml  in  a  centrifugal 
concentrator  (Centricon  10;  Amicon)  and  fractionated  on  a  Superdcx  75  column 


(Pharmacia)  by  using  HBS.  The  purity  of  the  final  preparation  was  evaluated  by 
assaying  an  aliquot  by  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophore¬ 
sis.  Protein  bands  were  detected  by  Coomassie  blue  staining.  The  concentration 
was  determined  spectrophotometrically,  on  the  assumption  that  an/l2H0  of  1.0 
corresponds  to  an  scFv  concentration  of  0.7  mg/ml. 

Measurement  of  affinity  and  binding  kinetics.  The  K<,s  of  purified  scFv  were 
determined  by  using  surface  plasmon  resonance  in  a  BIAcore  (Pharmacia 
Biosensor  AB).  In  a  BIAcore  flow  cell,  approximately  600  RU  of  BoNT/A  Hc 
(15  pg/ml  in  10  mM  sodium  acetate  [pH  4.5])  was  coupled  to  a  CMS  sensor  chip 
by  using  N-hydroxysuccinimide-N-ethyl-NXdimethylaminopropyl^arbodiimidc 
chemistry  (29).  This  amount  of  coupled  BoNT/A  Hc  resulted  in  a  maximum  RU 
of  100  to  175  of  scFv  bound.  For  regeneration  of  the  surface  after  binding  of 
scFv,  5  pi  of  4  M  MgCI2  was  injected,  resulting  in  a  return  to  baseline.  The 
surface  was  reused  20  to  30  times  under  these  regeneration  conditions.  Associ¬ 
ation  was  measured  under  a  continuous  flow  of  5  pl/min  with  a  concentration 
range  from  50  to  1,000  nM.  knn  was  determined  from  a  plot  of  In  ( (IRIdt)lt  versus 
concentration,  where  R  is  response  and  t  is  lime  (31).  kot  was  determined  from 
the  dissociation  part  of  the  sensorgram  at  the  highest  concentration  of  scFv 
analyzed  (31)  by  using  a  flow  rate  of  30  pl/min.  Kd  was  calculated  as  koa/kttn. 

Epitope  mapping.  Epitope  mapping  was  performed  by  using  surface  plasmon 
resonance  in  a  BIAcore.  In  a  BIAcore  flow  cell,  approximately  1,200  RU  of 
BoNT/A  Hc  was  coupled  to  a  CMS  sensor  chip  as  described  above.  With  a  flow 
rate  of  5  pl/min,  a  titration  of  100  nM  to  1  pM  scFv  was  injected  over  the  flow 
cell  surface  for  5  min  to  determine  an  scFv  concentration  which  resulted  in  near 
saturation  of  the  surface.  Epitope  mapping  was  performed  with  pairs  of  scFv  at 
concentrations  resulting  in  near  saturation  and  at  least  100  RU  of  scFv  bound. 
The  amount  of  scFv  bound  was  determined  for  each  member  of  a  pair,  and  then 
the  two  scFv  were  mixed  together  to  give  a  final  concentration  equal  to  the 
concentration  used  for  measurements  of  the  individual  scFv.  scFv  recognizing 
different  epitopes  showed  an  additive  increase  in  the  RU  bound  when  injected 
together  (Fig.  2A),  while  scFv  recognizing  identical  epitopes  showed  only  a 
minimal  increase  in  RU  (Fig.  2B). 

In  vitro  neutralization  studies.  In  vitro  neutralization  studies  were  performed 
by  using  a  mouse  hemidiaphragm  preparation,  as  described  by  Deshpande  et  al. 
(14).  Briefly,  left  and  right  phrenic  nerve  hemidiaphragm  preparations  were 
excised  from  male  CD/1  mice  (25  to  33  g)  and  suspended  in  physiological 
solution  (135  mM  NaCl,  5  mM  KC1,  15  mM  NaHCOj,  1  mM  Na2HP04,  1  mM 
MgCL,  2  mM  CaCI2,  and  11  mM  GLU).  The  incubation  bath  was  bubbled  with 
95%  02-5%  C02  and  maintained  at  a  constant  temperature  of  36°C.  Phrenic 
nerves  were  stimulated  supramaximally  at  0.05  Hz  with  square  waves  of  0.2  ms 
duration.  Isometric  twitch  tension  was  measured  with  a  force  displacement 
transducer  (Model  FT03;  Grass)  connected  to  a  chart  recorder.  Purified  scFv 
were  incubated  with  purified  BoNT/A  for  30  min  at  room  temperature  and  then 
added  to  the  tissue  bath,  resulting  in  a  final  scFv  concentration  of  2.0  x  10"*  M 
and  a  final  BoNT/A  concentration  of  2.0  x  10" 11  M.  For  each  scFv  studied,  time 
to  50%  twitch  tension  reduction  was  determined  three  times  for  BoNT/A  alone 
and  three  times  for  scFv  plus  BoNT/A.  The  combination  of  S25  and  C25  was 
studied  at  a  final  concentration  of  2.0  x  10"8  M  each.  Differences  between  times 
to  50%  twitch  reduction  were  determined  by  a  two-tailed  /  test,  with  a  P  value  of 
<0.05  considered  significant. 
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TABLE  2.  Frequency  of  binding  of  clones  from 
phage  antibody  libraries 


Antigen  used  for 
selection 


Library  lb 

BoNT/A:  immunotube0 
BoNT/A  Hc:  immunotube 
BoNT/A  Hc:  biotinylated^ 


Library  T 

BoNT/A:  immunotube 
BoNT/A  Hc:  immunotube 
BoNT/A  Hc:  Ni2+-NTAr 


Frequency  of  ELISA-positivc 
clones"  in  selection  round: 


1 

2 

3 

20/184 

124/184 

ND 

7/92 

86/92 

88/92 

7/90 

90/90 

90/90 

14/48 

48/48 

ND 

ND 

81/92 

ND 

ND 

ND 

76/92 

ND 

ND 

67/92 

-  Expressed  as  number  of  positive  cloncs/total  number  of  clones.  For  selec¬ 
tions  on  BoNT/A  and  BoNT/A  H0  ELISA  was  done  on  immobilized  BoNT/A 
and  BoNT/A  Hc,  respectively.  ND,  data  not  determined  from  selection  per¬ 
formed. 

b  Derived  from  a  mouse  immunized  twice  with  BoNT/A  Hr  and  once  with 
BoNT/A. 

e  Immunotube  selections  were  performed  with  the  antigen  absorbed  onto 
immunotubes. 

4  Biotinylated  selections  were  performed  in  solution  with  capture  on  strep- 
tavidin  magnetic  beads. 

*  Derived  from  a  mouse  immunized  three  times  with  BoNT/A  Hc . 

t  Ni2*-NTA  selections  were  performed  in  solution  with  capture  on  Ni2  +  -NTA 
agarose. 


RESULTS 

Phage  antibody  library  construction  and  characterization. 
Two  phage  antibody  libraries  were  constructed  from  the  VH 
and  V*  genes  of  immunized  mice  (Fig.  1).  For  library  1,  a 
mouse  was  immunized  twice  with  BoNT/A  Hc  and  challenged 
2  weeks  after  the  second  immunization  with  100,000  50%  le¬ 
thal  doses  of  BoNT/A.  The  mouse  survived  the  BoNT/A  chal¬ 
lenge  and  was  sacrificed  1  week  later.  The  spleen  was  removed 
immediately  after  sacrifice,  and  total  RNA  was  prepared.  For 
library  construction,  IgG  heavy-chain  and  kappa  light-chain 
mRNA  were  specifically  primed  and  first-strand  cDN  A  was  syn¬ 
thesized.  VH  and  VK  gene  repertoires  were  amplified  by  PCR, 
and  VH,  JH,  VK,  and  JK  primers  were  provided  in  the  recombi¬ 
nant  phage  antibody  system.  The  VH  and  VK  gene  repertoires 
were  randomly  spliced  together  to  create  an  scFv  gene  reper¬ 
toire  by  using  synthetic  DNA  encoding  the  15-amino-acid  pep¬ 
tide  linker  (G4S)3.  Each  scFv  gene  repertoire  was  separately 
cloned  into  the  phage  display  vector  pCANTABSE  (Pharma¬ 
cia).  After  transformation,  a  library  of  2.1  X  106  members  was 
obtained.  Ninety  percent  of  the  clones  had  an  insert  of  the 
appropriate  size  for  an  scFv  gene,  as  determined  by  PCR 
screening,  and  the  cloned  scFv  genes  were  diverse,  as  deter¬ 
mined  by  PCR  fingerprinting  (data  not  shown).  DNA  sequenc¬ 
ing  of  10  unselected  clones  from  library  1  revealed  that  all  VH 
genes  were  derived  from  the  murine  VH2  family  and  all  VK 
genes  were  derived  from  the  murine  VK4  and  VK6  families 
(30).  Based  on  this  observed  V-gene  bias,  family-specific  VH 
and  VK  primers  were  designed  along  with  JH  and  JK  gene- 
segment-specific  primers  (Table  1).  These  primers  were  then 
used  to  construct  a  second  phage  antibody  library.  For  library 
2,  a  mouse  was  immunized  three  times  with  BoNT/A  Hc  and 
sacrificed  2  weeks  after  the  third  immunization.  The  mouse 
was  not  challenged  with  BoNT/A  prior  to  spleen  harvest,  as 
this  led  to  the  production  of  non-Hc-binding  antibodies  (see 
“Selection  and  initial  characterization  of  phage  antibodies” 
below).  The  spleen  was  harvested,  and  a  phage  antibody  library 
was  constructed  as  described  above,  except  that  VH-,  JH-,  VK-t 


and  JK-specific  primers  were  used.  After  transformation,  a  li¬ 
brary  of  1.0  X  106  members  was  obtained.  Ninety-five  percent 
of  the  clones  had  an  insert  of  the  appropriate  size  for  an  scFv 
gene,  as  determined  by  PCR  screening,  and  the  cloned  scFv 
genes  were  diverse,  as  determined  by  PCR  fingerprinting  (data 
not  shown).  DNA  sequencing  of  10  unselected  clones  from 
library  2  revealed  greater  diversity  than  was  observed  in  library 
1;  VH  genes  were  derived  from  the  VH1,  VH2,  and  VH3  fam¬ 
ilies,  and  VK  genes  were  derived  from  the  VK2,  VK3,  VK4,  and 
Vk6  families  (30). 

Selection  and  initial  characterization  of  phage  antibodies. 
To  isolate  BoNT/A  binding  phage  antibodies,  phage  were  res¬ 
cued  from  the  library  and  selected  on  either  purified  BoNT/A 
or  BoNT/A  Hc.  Selections  were  performed  on  the  holotoxin  in 
addition  to  Hc,  since  it  was  unclear  to  what  extent  the  recom¬ 
binant  toxin  Hc  would  mimic  the  conformation  of  the  Hc  in 
the  holotoxin.  Selection  for  BoNT/A  and  BoNT/A  Hc  binders 
was  performed  on  antigen  adsorbed  to  polystyrene.  In  addi¬ 
tion,  Hc  binding  phage  were  selected  in  solution  on  biotinylat¬ 
ed  Hc,  with  capture  on  streptavidin  magnetic  beads  (for  library 
1)  or  on  hexahistidine  tagged  Hc,  with  capture  on  Ni2+-NTA 
agarose  (for  library  2).  Selections  in  solution  were  utilized 
based  on  our  previous  observation  that  selection  on  protein 
adsorbed  to  polystyrene  could  yield  phage  antibodies  which  did 
not  recognize  native  protein  (46).  Selection  in  solution  was  not 
performed  on  the  holotoxin  due  to  our  inability  to  successfully 
biotinylate  the  toxin  without  destroying  immunoreactivity. 

After  two  to  three  rounds  of  selection,  at  least  67%  of  scFv 
analyzed  bound  the  antigen  used  for  selection  (Table  2).  The 
number  of  unique  scFv  was  determined  by  DNA  fingerprinting 
followed  by  DNA  sequencing,  and  the  specificity  of  each  scFv 
was  determined  by  ELISA  on  pure  BoNT/A  and  recombinant 
BoNT/A  Hc  and  HN.  scFv  binding  BoNT/A  but  not  binding 
Hc  or  Hn  were  presumed  to  bind  the  light  chain  (catalytic 
domain).  A  total  of  33  unique  scFv  were  isolated  from  mice 
immunized  with  Hc  and  challenged  with  BoNT/A  (Tabic  3, 
library  1).  When  library  1  was  selected  on  holotoxin,  25  unique 
scFv  were  identified.  Only  2  of  these  scFv,  however,  bound  Hc , 
with  the  majority  (21)  binding  the  light  chain  and  2  binding 
Hn.  The  two  Hc  binding  scFv  did  not  express  as  well  as  other 
scFv  recognizing  similar  epitopes,  and  they  were  therefore  not 
characterized  with  respect  to  affinity  or  neutralization  capacity 
(see  below).  Selection  of  library  1  on  Hc  yielded  an  additional 
eight  unique  scFv  (Tables  3  and  4).  Overall,  however,  only  50% 
of  scFv  selected  on  Hc  also  bound  holotoxin.  This  result  sug¬ 
gests  that  a  significant  portion  of  the  Hc  surface  may  be  inac¬ 
cessible  in  the  holotoxin.  Alternatively,  scFv  could  be  binding 
Hc  conformations  that  do  not  exist  in  the  holotoxin.  From 
mice  immunized  with  Hc  only  (library  2),  all  scFv  selected  on 
holotoxin  also  bound  Hc.  As  with  library  1,  however,  only  50% 
of  scFv  selected  on  Hc  bound  holotoxin.  In  all,  18  unique  Hc 
binding  scFv  were  isolated  from  library  2,  resulting  in  a  total  of 
28  unique  Hc  binding  scFv  (Tables  3  and  4).  scFv  of  identical 


TABLE  3.  Specificity  of  BoNT  binding  scFv  selected 
from  phage  antibody  libraries 


scFv  specificity 

No.  of  unique  scFv 

in: 

Library  1 

Library'  2 

BoNT/A  Hc 

10 

18 

BoNT/A  Hn 

2 

0 

BoNT/A  light  chain 

21 

0 

Total 

33 

18 
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or  related  sequences  were  isolated  on  both  Hc  immobilized  on 
polystyrene  and  Hc  in  solution.  Thus,  in  the  case  of  Ho  the 
method  of  selection  was  not  important. 

Epitope  mapping.  All  28  unique  Hc  binding  scFv  were  epi¬ 
tope  mapped  by  using  surface  plasmon  resonance  in  a  BIAcore. 
Epitope  mapping  was  performed  with  pairs  of  scFv  at  concen¬ 
trations  resulting  in  near  saturation  of  the  chip  surface  and  at 
least  100  RU  of  scFv  bound.  The  amount  of  scFv  bound  was 
determined  for  e^ch  member  of  a  pair,  and  then  the  two  scFv 
were  mixed  together  to  give  a  final  concentration  equal  to  the 
concentration  used  for  measurements  of  the  individual  scFv. 
scFv  recognizing  different  epitopes  showed  an  additive  in¬ 
crease  in  the  RU  bound  when  injected  together  (Fig.  2A), 
while  scFv  recognizing  identical  epitopes  showed  only  a  mini¬ 
mal  increase  in  RU  (Fig.  2B).  By  this  technique,  mapping  of 
the  28  scFv  yielded  4  nonoverlapping  epitopes  recognized  on 
Hc  (Table  4).  scFv  recognizing  only  epitopes  1  and  2  were 
obtained  from  library  1,  whereas  scFv  recognizing  all  4  epi¬ 
topes  were  obtained  from  library  2.  Many  of  the  scFv  recog¬ 
nizing  the  same  epitope  (Cl  and  S25;  C9  and  C15;  1E8  and 
1G7;  1B6  and  1C9;  C25  and  C39;  2G5, 3C3, 3F4,  and  3H4;  1A1 
and  1F1;  1B3  and  1C6;  1G5  and  1H6;  1F3  and  2E8)  had  VH 
domains  derived  from  the  same  V-D-J  rearrangement,  as  evi¬ 
denced  by  the  high  level  of  homology  of  the  VH  CDR3  and 
VH-gene  segment  (Table  4).  These  scFv  differ  only  by  substi¬ 
tutions  introduced  by  somatic  hypermutation  or  PCR  error. 
For  epitopes  1  and  2,  most  or  all  of  the  scFv  recognizing  the 
same  epitope  are  derived  from  the  same  or  very  similar  VH- 
gene  segments  but  differ  significantly  with  respect  to  VH  CDR3 
length  and  sequence  (5  of  9  scFv  for  epitope  1;  8  of  8  scFv  for 
epitope  2)  (Table  4).  These  include  scFv  derived  from  different 
mice.  Given  the  great  degree  of  diversity  in  VH  CDR2  se¬ 
quences  in  the  primary  repertoire  (49),  specific  VH-gene  seg¬ 
ments  may  have  evolved  for  their  ability  to  form  binding  sites 
capable  of  recognizing  specific  pathogenic  antigenic  shapes.  In 
contrast,  greater  structural  variation  appears  to  occur  in  the 
rearranged  VK  genes.  For  example,  three  different  germ  line 
genes  and  CDR1  main-chain  conformations  (9)  are  observed 
for  epitope  2,  where  all  the  VH  genes  are  derived  from  the 
same  germ  line  gene.  Such  “promiscuity”  in  chain  pairings  has 
been  reported  previously  (10). 

Affinity,  binding  kinetics,  and  in  vitro  toxin  neutralization. 
Affinity,  binding  kinetics,  and  in  vitro  toxin  neutralization  were 
determined  for  one  representative  scFv  binding  to  each  epi¬ 
tope.  For  each  epitope,  the  scFv  chosen  for  further  study  had 
the  best  combination  of  high  expression  level  and  slow  /coff,  as 
determined  during  epitope  mapping  studies.  Kj  for  the  four 
scFv  studied  ranged  between  7.3  x  10~8  and  1.1  X  10"9  M 
(Table  5),  values  comparable  to  those  reported  for  monoclonal 
IgG  produced  from  hybridomas  (18).  C25  has  the  highest  af¬ 
finity  (Ka  =  1.1  X  10“9  M)  reported  for  an  anti-botulinum 
toxin  antibody.  kon  differed  over  84-fold,  and  /coff  differed  over 
33-fold,  between  scFv  (Table  5).  In  vitro  toxin  neutralization 
was  determined  by  using  a  mouse  hemidiaphragm  preparation 
and  measuring  the  time  to  50%  twitch  tension  reduction  for 
BoNT/A  alone  and  in  the  presence  of  2.0  x  10-8  M  scFv. 
Values  are  reported  in  time  to  50%  twitch  reduction.  scFv 
binding  to  epitope  1  (S25)  and  epitope  2  (C25)  significantly 
prolonged  the  time  to  neuroparalysis:  1.5-fold  (152%)  and 
2.7-fold  (270%),  respectively  (Table  5  and  Fig.  3).  In  contrast, 
scFv  binding  to  epitopes  3  and  4  had  no  significant  effect  on  the 
time  to  neuroparalysis.  A  mixture  of  S25  and  C25  had  a  sig¬ 
nificant  additive  effect  on  the  time  to  neuroparalysis,  with  the 
time  to  50%  twitch  reduction  increasing  3.9-fold  (390%). 


TABLE  5.  Affinities,  binding  kinetics,  and  in  vitro  toxin 
neutralization  results  of  scFv  selected  from 
phage  antibody  libraries 


scFv  clone 

Epi¬ 

tope 

Kf  (M) 

fconOO* 
NT1  s-') 

v , 

(10-V') 

Paralysis 
time  (min)'’ 

S25 

I 

7.3  x  10-" 

1.1  ' 

0.82 

85  ±  Iff 

C25 

2 

1.1  x  10-’ 

30 

0.33 

151  ±  12" 

C39 

2 

2.3  x  10-’ 

14 

0.32 

139  ±  8.9" 

1C6 

3 

2.0  x  10-* 

13 

2.5 

63  ±  3.3 

1F3 

C25  +  S25 
BoNT/A  pure 
toxin  (control) 

4 

1.2  x  10-" 

92 

11 

52  ±  1.4 
218  ± 

56  ±  3.8 

-  and  koV  were  measured  by  surface  plasmon  resonance,  and  Kd  was 
calculated  as  ko9fk0 „. 

b  Time  to  50%  twitch  reduction  in  mouse  hemidiaphragm  assay  using  20  nM 
scFv  plus  20  pM  BoNT/A  compared  to  time  for  BoNT/A  alone.  For  the  C25  plus 
S25  combination,  20  nM  each  scFv  was  used.  Each  value  is  the  mean  ±  standard 
error  of  the  mean  of  at  least  three  observations. 
eP<  0.01  compared  to  BoNT/A. 

4  P  <  0.05  compared  to  C25. 


DISCUSSION 

BoNTs  consist  of  a  heavy  and  a  light  chain  linked  by  a  single 
disulfide  bond.  The  carboxy-terminal  half  of  the  toxin  binds  to 
a  specific  membrane  receptor(s),  resulting  in  internalization, 
while  the  amino-terminal  half  mediates  translocation  of  the 
toxin  from  the  endosome  into  the  cytosol.  The  light  chain  is  a 
zinc  endopeptidase  which  cleaves  an  essential  synaptosomal 
protein,  leading  to  failure  of  synaptic  transmission  and  paral¬ 
ysis.  Effective  immunotherapy  must  prevent  binding  of  the 
toxin  to  the  receptor,  since  the  other  two  toxin  functions  occur 
intracellularly.  Identification  of  epitopes  on  Hc  which  mediate 
binding  is  an  essential  first  step,  both  to  the  design  of  better 
vaccines  and  to  development  of  a  high-titer  neutralizing  mono¬ 
clonal  antibody  (or  antibodies)  for  passive  immunotherapy. 

For  this  work,  we  attempted  to  direct  the  immune  response 
to  a  neutralizing  epitope(s)  by  immunization  with  recombinant 
BoNT/A  Hc.  This  should  lead  to  the  production  of  antibodies 
which  prevent  binding  of  toxin  to  its  cellular  receptor(s).  One 
limitation  of  this  approach  is  the  extent  to  which  recombinant 
Hc  mimics  the  conformation  of  Hc  in  the  holotoxin.  The  fact 
that  50%  of  antibodies  selected  on  Hc  recognize  holotoxin 
suggests  significant  structural  homology  for  a  large  portion  of 
the  molecule.  Although  50%  of  antibodies  selected  on  Hc  do 
not  bind  holotoxin,  this  could  result  from  packing  of  a  signif¬ 
icant  portion  of  the  He  surface  against  other  toxin  domains. 
Our  results  do  not,  however,  exclude  the  possibility  that  some 
of  these  antibodies  are  binding  Hc  conformations  that  do  not 
exist  in  the  holotoxin  or  that  conformational  epitopes  present 
in  the  holotoxin  are  absent  from  recombinant  Hc.  This  could 
lead  to  failure  to  generate  antibodies  to  certain  conformational 
epitopes.  Regardless,  immunizing  and  selecting  with  re¬ 
sulted  in  the  isolation  of  a  large  panel  of  monoclonal  antibod¬ 
ies  which  bind  holotoxin.  In  contrast,  monoclonal  antibodies 
isolated  after  immunization  with  holotoxin  or  toxoid  bind  to 
other  toxin  domains  (HN  or  light  chain)  or  to  nontoxin  proteins 
present  in  crude  toxin  preparations  and  toxoid  (results  from 
library  1,  this  work  and  reference  17). 

To  produce  and  characterize  the  greatest  number  of  mono¬ 
clonal  antibodies  possible,  we  used  phage  display.  This  ap¬ 
proach  makes  it  possible  to  create  and  screen  millions  of  dif¬ 
ferent  antibodies  for  binding.  The  resulting  antibody  fragments 
are  already  cloned  and  can  easily  be  sequenced  to  identify  the 
number  of  unique  antibodies.  Expression  levels  in  E.  coli  are 
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FIG.  3.  Evaluation  of  icFV  neutralization  of  BoNT/A  in  a  mouse  bemidiaphrafm  model.  The  twitch  tension  developed  alter  electrical  stimulation  of  a  mouse 
hemidiaphrafm  was  measured  before  (-30  to  0  min)  and  after  the  addition  of  20  pM  BoNT/A  (control),  20  pM  BoNT/A  plus  20  nM  scFv  S25,  C25, 106,  or  1F3 
<  representing  epitopes  1  to  4.  respeaivety),  or  a  combination  of  S25  and  C25  at  a  final  concentration  of  20  nM  each.  Results  are  expressed  as  the  fraction  of  steady-atate 
twitch  tension  (at  0  min)  versus  time.  scFv  1C6  and  1F3  do  not  alter  the  time  to  50%  twitch  reduction,  whereas  scFv  C25  and  S25  significantly  prolong  it  The 
combination  of  S25  and  C25  significantly  prolonged  the  time  to  neuroparalysis  compared  to  C25  or  S25  alone. 


typically  adequate  to  produce  milligram  quantities  of  scFv, 
which  can  easily  be  purified  by  IMAC  after  subcloning  into  a 
vector  which  attaches  a  hexahistidine  tag  to  the  C  terminus. 
Ultimately,  the  VH  and  VL  genes  can  be  subcloned  to  construct 
complete  IgG  molecules,  grafted  to  construct  humanized  an¬ 
tibodies,  or  mutated  to  create  ultrahigh-affinity  antibodies.  By 
this  approach,  28  unique  monoclonal  anti-BoNT/A  Hc  anti¬ 
bodies  were  produced  and  characterized.  The  antibody  se¬ 
quences  were  diverse,  consisting  of  3  different  VH-gene  fami¬ 
lies,  at  least  13  unique  V-D-J  rearrangements,  and  3  VH*gene 
families.  Generation  of  this  large  panel  of  BoNT/A  He  anti¬ 
bodies  was  a  result  of  the  choice  of  antigen  used  for  immuni¬ 
zation  and  selection  (BoNT/A  Hc).  For  example,  a  Fab  phage 
antibody  library  constructed  from  the  V  genes  of  mice  immu¬ 
nized  with  pentavalent  toxoid  yielded  only  two  Fab  which 
bound  pure  toxin  (in  this  case,  BoNT/B).  The  majority  of  the 
Fab  bound  nontoxin  proteins  present  in  the  toxoid  (17). 

Despite  the  sequence  diversity  of  the  antibodies,  epitope 
mapping  revealed  only  four  nonoverlapping  epitopes.  Epitopes 
1  and  2  were  immunodominant,  being  recognized  by  21  of  28 
(75%)  of  the  antibodies,  interestingly,  approximately  the  same 
number  (three  to  five)  of  immunodominant  BoNT/A  Hc  pep¬ 
tide  (nonconformational)  epitopes  are  recognized  by  mouse 
and  human  polyclonal  antibodies  after  immunization  with  pen- 
tavalent  toxoid  and  by  horse  polyclonal  antibodies  after  immu¬ 
nization  with  formaldehyde-inactiyated  BoNT/A  (3). 

scFv  binding  epitopes  1  and  2  resulted  in  partial  antagonism 
of  toxin-induced  neuroparalysis  at  the  mouse  neuromuscular 
junction.  When  administered  together,  the  two  scFv  had  an 
additive  effect,  with  the  time  to  neuroparalysis  increasing  sig¬ 
nificantly.  These  results  are  consistent  with  the  presence  of  two 
unique  receptor  binding  sites  on  BoNT/A  Hc.  While  the 
BoNT/A  receptor(s)  has  not  been  formally  identified,  the  re¬ 
sults  are  consistent  with  those  of  ligand  binding  studies,  which 
also  indicate  two  classes  of  receptor  binding  sites  on  toxin,  high 
and  low  affinity,  and  have  led  to  a  “dual  receptor”  model  for 
toxin  binding  (40).  Whether  both  of  these  sites  are  on  H0 
however,  is  controversial.  In  two  studies,  BoNT/A  He  partially 


inhibited  binding  and  neuromuscular  paralysis  (4,  5),  whereas 
Daniels-Holgate  and  Dolly  (12)  showed  that  BoNT/A  He  inhib¬ 
ited  binding  at  motor  nerve  terminals  but  had  no  antagonistic 
effect  on  toxin-induced  neuroparalysis  at  the  mouse  neuromus¬ 
cular  junction.  Our  results  are  consistent  with  the  presence  of 
two  “productive”  receptor  binding  sites  on  He  which  result  in 
toxin  internalization  and  toxicity.  Differences  in  scFv  potency 
may  reflect  differences  in  affinity  of  Hc  for  receptor  binding 
sites  or  may  reflect  the  greater  than  10-fold  difference  in  af¬ 
finity  of  scFv  for  Hc.  Finally,  we  have  not  formally  shown  that 
any  of  the  scFv  actually  block  binding  of  toxin  to  the  cell 
surface.  It  is  conceivable  that  the  observed  effect  on  time  to 
neuroparalysis  results  from  interference  with  a  postbinding 
event. 

scFv  antagonism  of  toxin-induced  neuroparalysis  in  the 
mouse  hemidiaphragm  assay  was  less  than  that  (7.5-fold  pro¬ 
longation  of  time  to  neuroparalysis)  observed  for  2.0  X  10~9  M 
polyclonal  equine  antitoxin  (Perlmmune  Inc.)  (47a).  This  dif¬ 
ference  could  be  due  to  the  necessity  of  blocking  additional 
binding  sites,  differences  in  antibody  affinity  or  avidity,  or  a 
cross-linking  effect  leading  to  aggregated  toxin  which  cannot 
bind.  Affinity  of  antibody  binding  is  also  likely  to  be  an  impor¬ 
tant  factor,  since  the  toxin  binds  with  high  affinity  to  its  recep¬ 
tor  (51)  and  can  be  concentrated  inside  the  cell  by  internaliza¬ 
tion.  Of  note,  the  most  potent  scFViias  the  highest  affinity  for 
He.  Availability  of  other  scFv  described  here,  which  recognize 
the  same  neutralizing  epitope  but  with  different  Kd s,  should 
help  define  the  importance  of  affinity.  These  scFv,  however, 
differ  by  many  amino  acids  and  may  also  differ  in  fine  speci¬ 
ficity,  making  interpretation  of  results  difficult  Alternatively, 
mutagenesis  combined  with  phage  display  can  lead  to  the  pro¬ 
duction  of  scFv  which  differ  by  only  a  few  amino  adds  in 
sequence  but  vary  by  several  orders  of  magnitude  in  affinity 
(47).  The  same  approach  can  be  used  to  increase  antibody 
affinity  into  the  picomolar  range  (47). 

The  “gold  standard”  for  neutralization  is  protection  of  mice 
against  the  lethal  effects  of  toxin  coinjected  with  antibody. 
While  the  relationship  between  in  vitro  and  in  vivo  protection 
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has  not  been  formally  established,  equine  antitoxin  potentially 
neutralizes  toxin  in  both  types  of  assays  (see  above  and  refer¬ 
ence  21).  Presumably,  this  relationship  holds  for  the  scFv  re¬ 
ported  here,  but  this  will  need  to  be  verified  experimentally. 
Such  studies  are  not  possible  with  small  (25-kDa)  scFv  anti¬ 
body  fragments.  The  small  size  of  scFv  leads  to  rapid  redistri¬ 
bution  (the  half-life  at  a  phase  is  2.4  to  12  min)  and  clearance 
(the  half-life  at  (3  phase  is  1.5  to  4  h)  and  antibody  levels  which 
rapidly  becomeoindetectable  (26,  46),  while  toxin  levels  pre¬ 
sumably  remain  high  (23).  Performance  of  in  vivo  studies  will 
require  the  construction  of  complete  IgG  molecules  from  the 
VH  and  VL  genes  ©f  scFv.  Use  of  human  constant  regions 
will  yield  chimeric  antibodies  less  immunogenic  than  murine 
monoclonals  and  much  less  immunogenic  than  currently  used 
equine  antitoxin.  Immunogenicity  could  be  further  reduced  by 
CDR  grafting  to  yield  humanized  antibodies. 
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ABSTRACT  A  large  library  of  phage-displayed  human 
single-chain  Fv  antibodies  (scFv),  containing  6.7  x  109  mem¬ 
bers,  was  generated  by  improving  the  steps  of  library  con¬ 
struction.  Fourteen  different  protein  antigens  were  used  to 
affinity  select  antibodies  from  this  library.  A  panel  of  specific 
antibodies  was  isolated  with  each  antigen,  and  each  panel 
contained  an  average  of  8.7  different  scFv.  Measurements  of 
antibody-antigen  interactions  revealed  several  affinities  be¬ 
low  1  nM,  comparable  to  affinities  observed  during  the 
secondary  murine  immune  response.  In  particular,  four  dif¬ 
ferent  scFv  recognizing  the  ErbB2  protein  had  affinities 
ranging  from  220  pM  to  4  nM.  Antibodies  derived  from  the 
library  proved  to  be  useful  reagents  for  immunoassays.  For 
example,  antibodies  generated  to  the  Chlamydia  trachomatis 
elementary  bodies  stained  Chlamydia -infected  cells,  but  not 
uninfected  cells.  These  results  demonstrate  that  phage  anti¬ 
body  libraries  are  ideally  suited  for  the  rapid  production  of 
panels  of  high-affinity  mAbs  to  a  wide  variety  of  protein 
antigens.  Such  libraries  should  prove  especially  useful  for 
generating  reagents  to  study  the  function  of  gene  products 
identified  by  genome  projects. 


Antibodies  that  bind  with  high  specificity  and  high  affinity  to 
a  target  molecule  are  essential  tools  for  biological  research. 
These  reagents  have  proven  invaluable  for:  (/)  detecting  and 
quantitating  levels  of  gene  expression;  («)  determining  the 
subcellular,  cellular,  and  tissue  location  of  gene  expression; 
and  (iii)  identifying  the  molecules  interacting  with  a  gene 
product,  for  example  by  immunoprecipitation. 

Numerous  new  applications  for  basic  research,  as  well  as 
clinical  use,  have  resulted  from  the  development  of  recombi¬ 
nant  antibodies  constructed  from  Ig  variable  (V)  region  genes 
(1-3).  Single-chain  Fv  antibodies  (scFv)  have  proven  particu¬ 
larly  useful.  scFv  consist  of  the  antigen-binding  domains  of  Ig 
heavy  (VH)  and  light  (VL)  chain  regions  connected  by  a 
flexible  peptide  linker  (4),  all  encoded  by  a  single  gene.  The 
single  gene  design  of  scFv  simplifies  the  construction  of  fusion 
proteins  such  as  cancer  immmunotoxins  (5)  and  facilitates 
intracellular  expression  in  eukaryotic  cells  to  achieve  pheno¬ 
typic  knockout  of  antigen  function  (6-8).  The  intracellular 
expression  of  antibodies  is  proving  to  be  an  effective  new 
strategy  for  studying  the  function  of  specific  proteins  in  vivo 
where  conventional  genetic  approaches  are  not  feasible. 

Genome  projects  have  led  to  an  increasing  rate  of  gene 
discovery  and  an  accelerating  need  for  antibodies  to  study  gene 
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expression  and  function.  Until  recently,  hybridoma  technol¬ 
ogy,  a  slow  and  cumbersome  process,  was  used  to  produce 
mAbs  for  such  applications.  Separate  immunizations  are  re¬ 
quired  for  each  antigen,  and  the  cell  fusion  process  required  to 
generate  hybridomas  is  laborious  and  inefficient.  In  addition, 
production  of  antibodies  to  antigens  conserved  between  spe¬ 
cies  is  difficult  and  antibodies  from  hybridomas  are  murine  and 
hence  immunogenic  if  used  therapeutically. 

Recent  advances  using  antibody  phage  display  now  make  it 
possible  to  overcome  these  limitations  and  generate  human 
mAbs  that  recognize  any  desired  antigen  (1-3,  9).  For  phage 
display,  the  antigen-binding  regions  of  Vh  and  Vl  genes  are 
cloned  and  used  to  construct  scFv  (or  Fab)  gene  repertoires. 
A  phage  antibody  library  is  created  by  cloning  these  repertoires 
as  fusion  proteins  with  a  minor  coat  protein  of  bacteriophage 
(the  gene  3  protein)  (10-12).  Each  resulting  phage  has  a 
functional  antibody  protein  on  its  surface  and  contains  the 
gene  encoding  the  antibody  incorporated  into  the  phage 
genome.  Particular  phage  antibodies  that  specifically  bind  to 
proteins  and  small  molecules  can  be  separated  from  nonbind¬ 
ing  phage  antibodies  with  affinity  chromatography  techniques 
(12-15).  This  strategy  requires  no  immunization,  the  antibody 
genes  are  cloned,  and  generally  the  antibody  fragments  express 
well  in  Escherichia  coli.  The  number  and  affinity  of  the, 
antibodies  generated  to  a  particular  antigen  is  a  function  of 
library  size  and  diversity,  with  larger  libraries  yielding  a  greater 
number  of  high-affinity  antibodies  (14, 15).  Unfortunately,  the 
construction  of  large  phage-displayed  antibody  libraries  has 
remained  difficult.  If  such  libraries  are  to  be  a  common  tool  of 
life  scientists  the  efficient  production  of  these  reagents  must 
become  routine,  especially  because  library  diversity  and  utility 
are  lost  on  library  reamplification. 

In  this  paper,  we  describe  a  strategy  to  optimize  the  con¬ 
struction  of  phage-display  antibody  libraries.  By  using  this 
strategy,  a  very  large  phage-displayed  single-chain  antibody 
library  consisting  of  6.7  X  109  members  was  produced.  This 
library  then  was  used  to  isolate  panels  of  antibodies  to  14 
different  protein  antigens.  Analysis  of  antibody-antigen  inter¬ 
actions  revealed  high-affinity  binding  with  Kd s  for  the  ErbB2 
protein  ranging  between  220  pM  and  4  nM. 

METHODS 

Construction  of  the  VH  Library.  Total  RNA  was  prepared 
.from  three  different  samples  of  human  spleen  cells  and  two 

Abbreviations:  BMP,  bone  morphogenetic  protein;  BoNT,  botulinum 
neurotoxin;  ECD,  extracellular  domain;  CDR,  complementarity  de¬ 
termining  region;  EB,  elementary  body;  scFv,  single-chain  Fv  frag¬ 
ment;  VK,  Ig  kappa  light  chain  variable  region;  V*,  Ig  lambda  light 
chain  variable  region;  Vl,  Ig  light  chain  variable  region;  Vh,  Ig  heavy 
chain  variable  region. 
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different  samples  of  human  peripheral  blood  lymphocytes. 
cDNA  was  synthesized  from  total  RNA  primed  with  the 
HuIgMFOR  primer  (12).  VH  gene  repertoires  were  amplified 
from  the  cDNA  by  using  Vent  DNA  polymerase  (New  England 
Biolabs)  in  combination  with  the  HuIgMFOR  primer  and  an 
equimolar  mixture  of  HuVHBACK  primers  (12).  PCR  prod¬ 
ucts  were  agarose  gel-purified  and  reamplified  to  append  Ncol 
and  Not\  restriction  sites  by  using  Tth  DNA  polymerase 
(Epicentre  Technologies,  Madison,  WI)  and  an  equimolar 
mixture  of  the  HuVHBACKSfi  primers  (that  contain  an  Ncol 
site  for  cloning)  and  the  HuCMForNot  primer  (5'-GAGTC- 
ATTCTCGACTTGCGGCCGCTGGAAGAGGCACGTTC- 
TTTTCTTT-3')  (12).  The  PCR  products  were  cut  with  re¬ 
striction  enzymes  Ncol  and  Notl  and  agarose  gel-purified.  The 
resulting  DNA  fragments  were  ligated  into  the  plasmid 
pCITE3A  (Novagen)  cut  with  restriction  enzymes  Ncol  and 
Notl  and  the  ligated  DNA  was  electroporated  into  the  E.  coli 
strain  TGI.  A  library  of  VH  genes  containing  2.3  X  108 
members  was  generated  from  the  products  of  seven  ligation 
reactions  and  15  electroporations.  The  resulting  library  was 
termed  pCITE-VH.  Cloning  efficiency  and  library  diversity 
was  determined  by  PCR  screening  (12,  16).  The  pCITE3A 
plasmid  was  used  to  create  the  Vh  gene  repertoire  because  of 
the  presence  of  unique  sequences  for  PCR  amplification  that 
surround  the  Ncol  and  Notl  cloning  sites.  These  sequences 
allow  the  specific  amplification  of  the  VH  genes  for  scFv 
assembly.  This  strategy  is  advantageous  for  amplification  of  the 
VH  genes  and  also  the  subsequent  amplification  of  scFv  genes 
assembled  from  the  VH  genes.  Although  we  chose  the 
pCITE3A  plasmid  for  production  of  our  VH  gene  repertoire, 
any  plasmid  that  contains  the  proper  restriction  sites  for 
cloning  and  unique  sequences  for  specific  PCR  amplification 
would  have  been  suitable. 

Construction  of  the  scFv  Library.  The  VH  gene  repertoire 
was  PCR-amplified  from  the  pCITE-Vh  library  by  using  300  ng 
of  library  plasmid  DNA  as  a  template,  Vent  DNA  polymerase, 
the  CITE3  primer  (5'-GATCTGATCTGGGGCCTCGGT- 
GC-3'),  and  an  equimolar  mixture  of  HuJh  primers  (12).  The 
VL  genes  for  scFv  assembly  were  obtained  from  a  previously 
constructed  scFv  phage  antibody  library  (12).  The  VL  gene 
repertoire,  including  DNA  encoding  the  scFv  peptide  linker 
(G4S)3  (4),  was  amplified  from  300  ng  of  library  plasmid  DNA 
by  using  Vent  DNA  polymerase,  the  Gene3  primer  (5'-GC- 
AAGCCCAATAGGAACCCATGTACCG-3'),  and  an 
equimolar  mixture  of  RHuJh  primers  (12).  The  amplified  VH 
and  Vl  genes  were  agarose  gel-purified  and  spliced  together 
with  overlap  extension  PCR  to  create  a  scFv  gene  repertoire 
(11).  To  accurately  join  VH  and  VL  gene  repertoires  with 
overlap  extension  PCR,  the  input  DNA  fragments  must  have 
blunt  ends.  Therefore,  the  proofreading  DNA  polymerase 
Vent  was  used  to  generate  the  Vh  and  VL  DNA  fragments  for 
scFv  assembly.  For  all  subsequent  PCR  steps  of  library  con¬ 
struction  Tth  DNA  polymerase  was  found  to  be  the  optimal 
enzyme.  The  Vh  and  VL  gene  repertoires  were  spliced  together 
in  100-  pi  PCRs  containing  100  ng  of  the  VH  and  VL  DNA 
fragments  and  Tth  DNA  polymerase.  The  reactions  were 
cycled  eight  times  (95°C  2  min,  55°C,  1  min,  and  72°C  3  min) 
to  join  the  fragments.  Then  the  CITE3  and  Gene3  primers 
were  added  and  the  reaction  was  cycled  30  times  (94°C  1  min, 
55°C  1  min,  and  72°C  3  min)  to  amplify  the  assembled  scFv 
genes.  The  scFv  genes  were  cut  with  restriction  enzymes  Ncol 
and  Notl,  agarose  gel-purified,  and  ligated  into  the  plasmid 
pHEN-1  (17)  cut  with  Ncol  and  NotL  The  ligated  DNA  was 
electroporated  into  E.  coli  TGI  cells.  * 

Proteins.  The  extracellular  domains  of  the  Xenopus  activin 
receptor  type  I  (A.  Suzuki  and  N.  Ueno,  personal  communi¬ 
cation),  activin  receptor  type  II  (18),  bone  morphogenetic 
protein  (BMP)  receptor  type  I  (19,  20),  and  fibroblast  growth 
factor  receptor  (21)  were  cloned  into  pMAL  expression  plas¬ 
mids  as  fusions  with  the  gene  encoding  maltose  binding  protein 


expressed  and  purified  from  E.  coli.  (New  England  Biolabs). 
Neuronal  bungarotoxin  was  purchased  from  Biotoxins.  Clos¬ 
tridia  botulinum  neurotoxin  type  A  (BoNT/A)  was  provided  by 
Ray  Stevens  (Univ.  of  California,  Berkeley),  and  BoNT/B,  C, 
and  E  were  provided  by  Theresa  Smith  (United  States  Army 
Medical  Research  Institute  of  Infectious  Disease).  BoNT/A 
C-fragment  was  purchased  from  Ophidian  (Madison,  WI). 
Human  ErbB-2  extracellular  domain  (ECD)  was  provided  by 
James  Huston  (Creative  Biomolecules)  (22),  human  cyto¬ 
chrome  b5  was  provided  by  by  Lucy  Waskell  (Univ.  of  Cali¬ 
fornia,  San  Franscisco),  and  human  vascular  endothelial 
growth  factor  was  provided  by  James  Hoeffler  (Invitrogen). 

Selection  of  Phage  Antibodies.  Phagemid  particles  were 
rescued  from  the  library,  as  described  (23)  except  that  the 
procedure  was  scaled  up  to  2  liters  of  culture  media.  Specific 
phage-displayed  scFv  were  affinity-selected  by  using  proteins 
absorbed  to  Immunotubes  (Nunc)  (12).  For  selections  with 
maltose  binding  protein  (MBP)  fusion  proteins,  phage  were 
preincubated  with  50  fig  of  purified  MBP  to  deplete  the  library 
of  MBP  antibodies.  For  selection  of  scFv  to  the  Erb-B2  ECD, 
Immunotube  selection  was  alternated  with  selection  using 
decreasing  concentrations  of  biotinylated  Erb-B2  ECD  and 
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Fig.  1.  Schematic  outline  of  the  approach  used  for  library  con¬ 
struction.  A  library  of  Vh  and  genes  was  generated  from  rearranged 
human  V-genes  and  cloned  into  the  plasmid  pCITE3A.  The  Vl  genes 
used  for  scFv  assembly  were  derived  from  a  previously  constructed 
scFv  library  contained  in  the  plasmid  pHENl  (12).  The  vector 
containing  the  VL  repertoire  also  contained  the  scFv  linker  DNA  5' 
to  the  VL  genes.  Primers  for  reamplification  of  the  V-gene  repertoires 
were  derived  from  sequences  several  hundred  bp  5'  (the  Vh  genes)  or 
3'  (the  VL  genes)  of  the  scFv  gene  cloning  sites.  This  approach 
facilitated  the  efficiency  of  PCR  assembling  a  new  scFv  repertoire  and 
increasing  the  efficiency  of  cutting  assembled  scFv  genes  with  restric¬ 
tion  enzymes.  {A)  Vh  and  linker-VL  gene  repertoires  were  generated 
by  PCR  from  the  plasmid  DNA  of  the  separate  libraries.  The  Vh  genes 
wereamplified  by  using  a  plasmid  specific  primer  (□  )  and  an  equimo¬ 
lar  mixture  of  HuJh  primers  .  The  linker  DNA  and  Vl  genes  were 
amplified  by  using  a  plasmid  specific  primer  (™_  )and  an  equimolar 
mixture  of  RHuJh  primers  (~n  ).  The  RHuJH  primers  are  comple¬ 
mentary  to  the  HuJh  primers.  (B)  The  VH  and  linker  DNA-Vl  gene 
repertoires  were  PCR  assembled  into  a  scFv  gene  repertoire.  (C)  The 
assembled  scFv  gene  repertoire  was  cut  with  the  restriction  enzymes 
Ncol  and  Notl  and  cloned  into  the  plasmid  pHENl  (17)  for  phage 
display. 
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capture  of  bound  phage  using  streptavidin  paramagnetic  beads 
(23).  For  selection  of  scFv  that  bind  Chlamydia  antigens, 
Immunotubes  were  coated  overnight  at  room  temperature 
with  1  ml  of  C.  trachomatis  strain  L2/434/Bu  elementary 
bodies  (EBs)  at  a  concentration  of  0.1  mg/ml  (in  PBS)  purified 
from  a  suspension  culture  of  L929  cells  (24).  Phage  eluted  from 
each  selection  were  used  to  infect  E.  coli  TGI  cells.  Phage 
particles  were  rescued  from  the  cells  and  used  for  the  subse¬ 
quent  round  of  antigen  selection.  The  rescue-selection-plating 
cycle  was  repeated  3-4  times,  after  which  individual  clones 
were  analyzed  for  specific  antigen  binding  by  ELISA. 

Antibody  Binding  Specificity.  The  binding  specificity  of  all 
scFv  was  determined  by  ELISA  using  the  target  antigen  and  at 
least  nine  other  proteins  as  substrates  (12).  The  number  of 
unique  scFv  was  estimated  by  PCR  fingerprinting  of  the  scFv 
genes  with  the  restriction  enzyme  BstNl  and  confirmed  by 
DNA  sequencing  (12, 16).  Putative  VH  and  VL  germ-line  gene 
segment  derivation  was  determined  with  the  vbase  sequence 
directory  (25). 

scFv  Purification  and  Affinity  Measurements.  For  purifi¬ 
cation,  scFv  genes  were  subcloned,  expressed,  and  purified  to 
homogeneity  (26).  scFv  dissociation  equilibrium  constants 
(Kd)  were  calculated  from  the  association  (k0 n)  and  dissocia¬ 
tion  (A:0ff)  rate  constants  determined  by  using  surface  plasmon 
resonance  in  a  BIAcore  (23,  27). 

Fluorescent  Cell  Staining.  Monolayers  of  HeLa  229  cells 
were  grown  on  coverslips  in  24-well  cell  culture  plates.  Two 
hundred  microliters  of  C.  trachomatis  EBs  at  8  X  106  inclusion 
forming  units//il  were  used  to  infect  the  monolayers  (28).  The 
infected  cells  were  incubated  for  48  hr  at  37°C,  washed  with 
PBS,  and  fixed  with  100%  methanol  for  10  min.  Purified  scFv 
(50  /xg/ml)  was  incubated  with  fixed  cells  for  1  hr  at  room 
temperature.  scFv  binding  was  detected  with  the  9E10  mAb 
that  recognizes  the  c-myc  epitope  present  in  the  scFv  (29) 
(1  p,g/ml)  followed  by  fluorescein  isothiocyanate-conjugated 
anti-mouse  Fc  (Zymed).  Cells  were  counterstained  with  Evans 
blue  and  visualized  with  fluorescence  microscopy. 

RESULTS 

Library  Construction.  A  very  large  phage  antibody  library 
was  created  for  the  routine  isolation  of  high-affinity  scFv 


antibodies  to  any  target  protein.  This  library  was  generated  by 
optimizing  the  individual  steps  of  library  construction  to 
increase  the  efficiency  of  scFv  gene  assembly  and  increase  the 
efficiency  of  cloning  scFv  genes  (Fig.  1).  First,  scFv  antibodies 
were  assembled  from  cloned  Vh  and  Vl  gene  repertoires 
contained  in  separate  plasmid  vectors.  A  library  of  Vh  genes, 
containing  2.3  x  108  members,  was  specifically  created  for 
generating  an  additional  scFv  repertoire.  The  Vl  genes  for 
scFv  assembly  were  derived  from  an  existing  scFv  repertoire 
containing  3.0  x  107  members  (Fig.  1A).  The  use  of  cloned 
libraries  as  a  source  of  V-genes  provided  a  stable  and  limitless 
supply  of  material  for  scFv  assembly.  For  the  construction  of 
previous  antibody  libraries,  scFv  gene  repertoires  were  directly 
assembled  from  VH  and  Vl  reverse  transcription-PCR  (RT- 
PCR)  products  (12).  With  this  previous  approach,  RNA 
availability  and  the  efficiency  of  RT-PCR  limited  the  quantity 
of  V-genes  available  for  scFv  construction.  Secondj  the  effi¬ 
ciency  of  scFv  assembly  was  increased  by  exploiting  the 
presence  of  the  DNA  encoding  the  peptide  (648)3  linker 
located  at  the  5 '  end  of  the  VL  library  (Fig.  IB).  Using  Vl  genes 
already  fused  to  the  peptide  linker  allowed  us  to  construct  scFv 
from  only  two  DNA  fragments.  Previously,  scFv  gene  reper¬ 
toires  were  inefficiently  assembled  from  three  separate  DNA 
fragments  consisting  of  VH  and  VL  gene  repertoires  and  linker 
DNA  (12).  Third,  the  VH  and  VL  gene  repertiores  and  the  scFv 
genes  assembled  from  these  repertoires  were  amplified  with 
primers  that  annealed  to  sequences  approximately  200  bp  5'  of 
the  VH  genes  and  to  sequences  approximately  200  bp  3'  of  the 
VL  genes.  This  strategy  generated  long  sequence  extensions  at 
the  ends  of  the  individual  VH,  Vl  gene  segments,  and  the 
assembled  scFv.  These  sequence  extensions  ensured  efficient 
cutting  with  the  restriction  enzymes  Ncol  and  Notl  that  were 
used  for  scFv  cloning  and  facilitated  the  identification  of  the 
correctly  assembled  scFv  (Fig.  1C). 

By  using  these  three  modifications  a  repertoire  of  scFv  genes 
was  efficiently  assembled  and  cloned  to  create  a  phage  anti¬ 
body  library  containing  6.7  X  109  members.  This  library  was 
generated  from  the  products  of  only  12  ligation  reactions  and 
36  electroporations.  DNA  sequencing  of  the  V-genes  from  36 


Fig.  2.  V-gene  usage  and  Vh  CDR3  length  of  unselected  and  antigen-specific  scFv.  The  Vh  and  VL  genes  were  sequenced  and  the  germ-line 
gene  was  assigned  based  on  homology  to  a  database  (vbase)  of  germ-line  V-genes  compiled  by  Tomlinson  et  al.  (25).  Specific  Vh,  Vk,  and  V*  genes 
are  listed  on  the  ordinate,  with  the  VH,  VK,  or  VA  germ-line  gene  family  indicated  below.  Only  V-genes  in  unselected  or  selected  clones  are  listed. 
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Protein  antigen 
used  for  selection 

Percentage 
(number)  of 
ELISA 

positive  clones 

Number 
of  different 
antibodies 
isolated 

FGF  receptor  ECD 

69  (18/26) 

15 

BMP  receptor  type  I  ECD 

50  (12/24) 

12 

Activin  receptor  type  I  ECD 

66  (16/24) 

7 

Activin  receptor  type  II  ECD 

66  (16/24) 

4 

Erb-B2  ECD 

91  (31/34) 

14 

VEGF 

50  (48/96) 

6 

BoNT/A 

28  (26/92) 

14 

BoNT-A  C-fragment 

95  (87/92) 

10 

BoNT/B 

10  (9/92) 

5 

BoNT/C 

12(11/92) 

5 

BoNT/E 

9 (8/92) 

3 

Bungarotoxin 

67  (64/96) 

15 

Cytochrome  b5 

55  (53/96) 

5 

C.  trachomatis  EB 

66  (63/96) 

7 

For  each  antigen  (column  1),  the  number  and  the  percentage  of 
positive  clones  selected  (column  2)  and  the  number  of  different 
antibodies  isolated  (column  3)  is  indicated.  FGF,  fibroblast  growth 
factor;  VEGF,  vascular  endothelial  growth  factor. 

randomly  chosen  scFv  revealed  36  unique  sequences  and  a 
relatively  random  distribution  of  Vh  complementarity  deter¬ 
mining  region  (CDR)  3  length  of  between  5  and  18  residues 
(Fig.  2).  There  was,  however,  bias  in  V-gene  usage,  with  both 
over-representation  of  specific  V-gene  families  ( VH3,  VK1,  and 
VA3)  and  V-genes  (DP-47,  DPL  16)  (Fig.  2).  This  bias  partially 
reflects  differential  V-gene  usage  observed  in  the  human 
B-cell  repertoire  (30-33)  but  also  may  be  caused  by  differences 
in  PCR  primer  annealing  to  the  different  V-genes.  Previous 
work  indicates  that  more  diverse  repertoires  could  be  created 
by  using  VH  and  VK  gene  family  specific  primers  individually 
rather  than  pooled  for  construction  of  the  V-gene  repertoires 
(34). 

Selection  and  Characterization  of  Antigen-Specific  scFv. 
Antibodies  from  the  phage  antibody  library  were  affinity- 
selected  by  using  13  different  purified  protein  antigens  from  a 
variety  of  species,  including  human  and  EBs  from  C.  tracho¬ 
matis  (Table  1).  Given  our  interest  in  developmental  biology, 
four  of  these  proteins  were  the  extracellular  domains  of 
different  Xenopus  growth  factor  receptors:  the  activin  receptor 
types  I  and  II,  the  BMP  receptor  type  I,  and  the  fibroblast 
growth  factor  receptor  (19-21).  After  at  least  three  rounds  of 
selection  with  a  particular  antigen,  the  binding  specificity  of 
individual  scFv  was  determined  by  ELISA.  A  high  percentage 
of  the  clones  analyzed  specifically  bound  the  antigen  used  for 
selection  (Table  1,  second  column).  To  determine  the  number 
of  different  scFv  that  recognized  each  antigen,  ELISA-positive 
clones  first  were  characterized  by  DNA  fingerprinting  (12,  16) 
and  then  DNA  sequencing  (23).  This  analysis  revealed  an 
average  of  8.7  different  antibodies  were  generated  to  each 
protein  antigen,  with  the  number  of  scFv  ranging  from  3  to  15 
(Table  1).  Because  only  a  small  number  of  clones  from  each 
selection  were  analyzed,  it  is  likely  that  screening  of  more 
clones  would  yield  additional  antibodies. 

The  binding  of  scFv  to  antigens  was  highly  specific.  For 
example,  serotype  specific  scFv  were  isolated  against  each  of 
the  four  different  types  of  BoNT,  despite  32-59%  sequence 
homology  between  the  toxins  (Fig.  3).  Another  example  of 
scFv  specificity  is  shown  in  Fig.  4,  where  a  C.  trachomatis - 
specific  scFv  stains  C.  trachomatis  elementary  bodies  within 
infected  cells  while  neighboring  uninfected  cells  remain  un¬ 
stained. 

V-gene  derivation  of  scFv  antibodies  that  bound  to  the 
different  antigens  was  diverse  (Fig.  2).  VH  genes  were  derived 
from  three  of  the  six  VH  gene  families  (nos.  1,  3,  and  5)  and 
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Fig.  3.  Specificity  of  anti-Botulinum  neurotoxin  scFv.  Represen¬ 
tative  scFv  (2H6,  3D1,  3B12,  and  3C8)  isolated  respectively  from 
selections  on  BoNT  serotypes  A,  B,  C,  and  E  were  studied.  Specificity 
was  determined  by  ELISA. 

from  26  different  germ-line  genes.  VL  genes  were  derived  from 
three  of  the  six  VK  gene  families  (nos.  1,  3,  and  4)  and  11 
different  VK  germ-line  genes,  from  three  of  the  nine  VA  gene 
families  (nos.  1-3),  and  nine  different  VA  germ-line  genes. 
Despite  the  diversity,  there  was  a  bias  seen  in  the  V-gene  usage. 
VH  genes  largely  were  derived  from  the  VH3  family,  particu¬ 
larly  DP46  and  DP47.  VK  genes  most  frequently  were  derived 
from  the  VK1  family  while  VA  genes  most  frequently  were 
derived  from  the  VA3  family,  especially  DPL-16.  This  bias 
partially  reflects  the  greater  frequency  of  certain  V-genes  in 
the  B-cell  repertoire  (30-33)  and  also  in  the  unselected  library 
(for  example  DP-47  and  DPL-16).  Differential  V-gene  usage 
also  may  reflect  expression  biases  of  E .  coli.  The  number  of 
sequenced  V-genes  from  previous  nonimmune  phage  antibody 
libraries  is  small  (approximately  30)  but  a  similar  bias  in 
V-gene  usage  is  observed  (12,  35,  36).  VH  CDR  length  of 
selected  clones  was  not  as  evenly  distributed  as  in  the  uns¬ 
elected  clones  (Fig.  2)  with  the  majority  of  lengths  between  7 
and  15  amino  acids.  A  similar  peak  is  seen  in  VH  CDR3  length 
of  antibodies  generated  in  vivo  (37). 

Affinity  of  Selected  Antibodies.  The  antibody-antigen  bind¬ 
ing  affinities  were  measured  for  several  of  the  anti-ErbB-2  and 
anti-BoNT/A  scFv.  The  genes  of  four  anti-ErbB-2  scFv  and 
four  anti-BoNT/A  scFv  were  subcloned  into  a  plasmid  to  add 
a  hexahistidine  tag,  then  expressed  and  purified  from  E.  coli . 
The  dissociation  equilibrium  constants  (7^)  of  purified  soluble 
anti-ErbB-2  and  anti-BoNT/A  scFv  were  calculated  from 
association  and  dissociation  rate  constants  measured  by  using 
surface  plasmon  resonance  (Table  2)  (23,  27).  The  Kd  of  the 
antibodies  ranged  from  220  pM  to  4  nM  for  anti-ErbB-2  scFv 
and  38  nM  to  71  nM  for  anti-BoNT/A  scFv.  The  affinity  of  the 


scFv  clone  name 

2H6  1  3D1  I  3B12  1  3C8  1 

- 

L 

ABCE  ABCE  ABCE  ABCE 


Botulinum  toxin  serotype 


Fig.  4.  Staining  ofHeLa  cells  infected  with  C.  trachomatis  with  the 
scFv  2A10.  The  scFv  specifically  stains  C.  trachomatis  elementary 
bodies  (c)  within  infected  HeLa  cells  but  does  not  stain  uninfected 
cells,  n  =  nucleus. 
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Table  2.  Affinities  and  binding  kinetics  of  anti-BoNT  A 
C-fragment  and  anti-Erb-B2  scFv 


Specificity 
and  clone 

Kd 

(X  10-’  M) 

&on 

(X  105  M_1s-1) 

koff 

(x  10~3  s->) 

ErbB-2  B7A 

0.22 

4.42 

0.1 

ErbB-2  G11D 

0.48 

2.19 

0.11 

ErbB-2  A11A 

0.49 

3.69 

0.18 

ErbB-2  F5A 

4.03 

1.62 

0.65 

BoNT-A  2A9 

26.1 

0.25 

0.66 

BoNT-A  2H6 

38.6 

2.2 

8.5 

BoNT-A  3F6 

66.0 

4.7 

30.9 

BoNT-A  2B6 

71.5 

1.1 

7.8 

Association  (k0 n)  and  dissociation  (A'off)  rate  constants  for  purified 
scFv  were  measured  by  using  surface  plasmon  resonance  (BIAcore) 
and  Kd  was  calculated  as  (fcoffAon)- 


anti-ErbB-2  scFv  B7A  is  the  highest  observed  for  any  anti¬ 
bodies  isolated  from  nonimmune  phage  antibody  libraries  (14, 
15).  The  affinities  of  the  isolated  scFv  are  also  comparable  to 
affinities  of  mAbs  derived  from  the  secondary  immune  re¬ 
sponse  (38). 

The  different  Kd s  observed  for  scFv  that  bind  ErbB-2  and 
BoNT/A  are  probably  a  consequence  of  the  different  selection 
conditions  used  to  isolate  each  panel  of  antibodies.  ErbB-2 
antibodies  were  selected  with  decreasing  concentrations  of 
soluble  antigen  captured  with  magnetic  beads  alternated  with 
selections  using  immobilized  antigen.  The  use  of  soluble 
antigen  is  a  more  efficient  method  for  controlling  the  concen¬ 
tration  of  antigen  used  for  selection  and  isolating  scFv  with 
higher  affinity  (23,  39).  Therefore,  reselection  of  antibodies 
using  decreasing  concentrations  of  BoNT/A  would  likely  lead 
to  the  isolation  of  antibodies  with  higher  binding  affinity. 

DISCUSSION 

A  very  large  scFv  phage  antibody  library  was  efficiently 
generated  and  its  use  as  a  resource  for  the  production  of 
antibodies  was  extensively  evaluated.  By  using  a  number  of 
different  criteria,  the  results  validate  our  methods  for  con¬ 
structing  large  libraries  of  this  type  and  validate  the  use  of 
these  libraries  as  a  resource  for  the  rapid  production  of 
antibodies  (Table  1).  First,  by  using  14  different  proteins  for 
affinity  selection,  specific  antibodies  were  successfully  gener¬ 
ated  to  each  of  these  antigens  (Table  1).  Second,  a  high 
percentage  of  the  antibodies  that  resulted  from  affinity  selec¬ 
tion  specifically  recognize  antigen  (Table  1).  Third,  multiple 
different  antibodies  were  produced  to  each  antigen  (Table  1). 
Fourth,  the  binding  affinities  of  the  antibodies  isolated  were 
comparable  to  those  of  mAbs  from  the  secondary  murine 
immune  response  (Table  2).  In  addition,  these  antibody  anti¬ 
gen  binding  affinities  are  the  highest  reported  for  antibodies 
from  nonimmune  phage  antibody  libraries  (12,  14,  15).  Fifth, 
isolated  scFv  served  as  functional  reagents  in  a  number  of 
different  immunoassays  including  ELISA,  immunofluores¬ 


cence  (Figs.  3  and  4),  Western  blotting,  epitope  mapping,  and 
immunoprecipitation  (data  not  shown). 

Nonimmune  phage  antibody  libraries  can  be  constructed  as 
either  scFv  or  Fab  antibody  fragments  and  from  either  V-genes 
rearranged  in  vivo  or  synthesized  in  vitro.  The  scFv  format  was 
chosen  for  this  library  as  the  expression  levels  in  E.  coli  are 
typically  higher  than  Fab.  This  results  in  more  efficient  anti¬ 
body  display  on  phage  and  more  efficient  production  of  native 
antibody  fragments  for  use.  V-genes  rearranged  in  vivo  were 
used  for  library  construction  to  eliminate  the  need  for  cloning 
the  individual  gene  segments  necessary  for  in  vitro  V-gene 
synthesis.  In  addition,  use  of  Ig  mRNA  as  the  source  of 
V-genes  ensures  that  close  to  100%  of  the  gene  sequences  will 
be  functionally  rearranged  with  ORFs  (results  from  this  work 
and  ref.  34).  Fewer  V-genes  will  have  an  ORF  when  con¬ 
structed  from  synthetic  oligonucleotides.  Furthermore,  V- 
genes  rearranged  in  vivo  have  Vh  CDR3s  largely  derived  from 
the  D-gene  segments.  These  genes  are  not  of  random  sequence 
but  encode  amino  acids  with  a  propensity  for  loop  formation 
(40).  In  contrast,  synthetic  CDR3s  consist  of  random  sequence 
and  thus  may  be  less  likely  to  fold  properly  or  produce  usefully 
shaped  binding  pockets. 

The  number  and  affinities  of  antibodies  produced  from  this 
library  compare  favorably  to  results  from  the  limited  number 
of  phage  antibody  libraries  previously  described  (Table  3).  A 
comparison  of  nonimmune  libraries  illustrates  the  importance 
of  library  size  and  also  suggests  that  to  date,  the  most  useful 
libraries  are  those  in  the  scFv  format  constructed  from  V-genes 
rearranged  in  vivo . 

Nonimmune  phage  antibody  libraries  already  are  being  used 
as  a  source  of  diagnostic  and  therapeutic  antibodies.  It  is  likely 
that  their  greatest  utility,  however,  may  lie  in  the  laboratory. 
New  genes  are  rapidly  being  identified  by  the  genome  projects, 
and  the  next  generation  of  experiments  will  shift  to  elucidating 
the  function  of  the  protein  products  encoded  by  these  newly 
identified  genes  (41).  The  production  of  antibodies  with 
phage-displayed  libraries  is  ideally  suited  for  the  large-scale 
determination  of  protein  function.  For  example,  once  a  gene 
has  been  sequenced,  the  protein(s)  that  it  encodes  can  be 
overexpressed  and  then  used  to  rapidly  select  phage-displayed 
antibodies.  The  resulting  antibodies  would  provide  immuno¬ 
logical  reagents  for  protein  characterization.  In  addition,  the 
production  of  antibodies  with  phage  display  also  provides 
access  to  the  genes  that  encode  specific  antibodies.  These 
antibody  genes  can  be  used  to  express  antibody  proteins  within 
cells  to  block  and  elucidate  the  function  of  specific  molecules 
in  vivo  (6-8). 

In  summary,  the  steps  of  phage  antibody  library  construc¬ 
tion  have  been  optimized  to  facilitate  the  rapid  and  efficient 
construction  of  large  phage  antibody  libraries.  With  this  cur¬ 
rent  library  we  obtain  panels  of  high-affinity  antibodies  to  a 
wide  array  of  antigens.  The  approach  used  puts  this  technique 
within  reach  of  laboratories  skilled  in  molecular  biology. 
Subsequent  uses  for  these  libraries  will  be  limited  only  by  the 
investigator’s  imagination. 


Table  3  Comparison  of  protein  binding  antibodies  selected  from  nonimmune  phage-display  antibody  libraries 

Library 

Library  size 
and  type* 

Number  of  protein 
antigens  studied 

Average  number  of 
antibodies  per 
protein  antigen 

Number  of 
affinities  measured 

Range  of  affinities 
for  protein  antigens 
Kd  (xlO-9  M) 

Marks  et  al.  (12) 

3.0  X  107  (scFv,  N) 

2 

2.5 

1 

100-2000 

Nissim  et  al.  (13) 

1.0  X  108  (scFv.SS) 

15 

2.6 

ND 

ND 

deKruif  et  al.  (42) 

3.6  X  108  (scFv.SS) 

12 

1.9 

3 

100-2,500 

Griffiths  et  al.  (14) 

6.5  X  1010(Fab,  SS) 

30 

4.8 

3 

7.0-58 

Vaughan  et  al.  (15) 

1.4  X  1010(scFv,  N) 

3 

7.0 

3 

4.2-8. 0 

n  oo  *7i  c 

Sheets  et  al.  (this  work) 

6.7  X  109  (scFv,  N) 

14 

8.7 

8 

U.22-/1.5 

*For  library  type,  N  =  V-gene  repertoires  obtained  from  V-genes  rearranged  in  vivo ;  SS  -  semisynthetic  V-genes  constructed  from  cloned  V-gene 
segments  and  synthetic  oligonucleotides  encoding  VH  CDR3.  ND,  not  determined. 
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Table  11:  Partial  Vl  sequences,  specificities,  and  germline  gene  assignment  of  a-BoNT/A  scFv  from  a  human  immune  phage  antibody  libraiy. 
Bind  BoNT/A  but  not  C-f ragmen t  or  translocation  domain 
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Table  27.  Vh  and  Vl  sequences  and  germline  gene  assignment  of  a-BoNT/A  scFv  from  a  non-immune  human  phage  antibody  library. 
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Table  30.  Vh  and  Vl  sequences  and  germline  gene  assignment  of  a-BoNT/E  scFv  from  a  non-immune  human  phage  antibody  library. 
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VLIII  DP  LI  6  SSELTQDPAVSVAIGQTVRITC  QG  DELRSY  YAS  WYQQKPGQAPVLVIY  GKNNRPS  GIPDRFSGSSSGNTASLTITGAQAEDEADYYC  NSRDSSGNH 

cl3C8  q-v - —  -S-K - - F  -E-I - - N - - -  - FW 

C13B10  q-v - p - F—  —  -S- -  - F —  CNF -  - S -  - T-LRV 


Table  31.  Vh  and  Vl  sequences  and  germline  gene  assignment  of  a-BoNT/A  C-fragment  scFv  from  a  non-immune  human  phage  antibody  libra 


-  i  > 


page  61 


Table  38.  Deduced  protein  sequences  of  heavy  and  light  chain  variable  region  of  BoNT/A  He  binding  scFv  classified 
by  epitope  recognized 

tteavy  Chains 

Clone  Lib  Framework  1  CDR  1  Framework  2  CDR  2  Framework  3  CDR  3  Framework  4 


Epitope  1 
CIS 
C9 
IDS 
Cl 
S25 
1B6 
1C9 
1E8 
1G7 


QVKUX>SGAELVRPGASVKLSCKTSGYSFT  SYWMN  WVKQGPOQGLEWIG  MIHPSNSEIRFNQKFED  MATLWDKSSSTAYM3LSSPTSEDSAVYYCAR 


— Q-K - V - 1 - G - T-I 

E-Q — E — PG — K-SQ-LS-T-TVT - I- 

E-Q — E — PG  -K-SQ-LS-T-TVT - 1- 


Epitope  2 

1A1  2  EVKLVESGGGLVCP  GGSRKLSCATSGFTFS 

2 - L - A - 

1  *  CKK2 - S-K - L - A - 

1  Q-Q-Q - K - L - A - 


1F1 

C39 

C25 

2G5 

3C3 

3F4 

3H4 


Epitcpe  3 
1B3  - 

1C6 
2B6 
1G5 
1H6 


D-A-H 

D-AVH 

D-AW- 

D-AWY 


DYYMS 
N-G — 

- Y 

S-A— 

S-A-- 

S-A— 

S-A— 


EVQLC£SGGGW*PCRSLRLSCAASGFTFS 

QI— IQ - 

VKLVESCP-L-KPSQSLSLTCTVTGYSIT- 

Q— - Q— AEL - A-VKM — K - Y— T 

- Q — AE  L-K — A-VKM — K - Y— T 


Epitope  4 

1F3  2  EVQLQQSGAELVKPGASVKLSCKASGYTFT 

2E8  2 - 

Light  Chains 


- S-AKS - 

- SHAKS - 

-IR-F — KK - M- 

-IR-F — KK - M~ 


- T-L - K- 

- UT - 

- D-DT - 

V-SSYYGDTDY — I  -KG 
V-STYYGDADY-PK-KG 
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K - 

K - 

K - 
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Epitope  1 
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Full  length  sequence  not  determined  for  clones  Cl 2,  03,  C2,  and  S44  (all  bind  epitope  1).  Accession  can  be  made 
through  GenBank  with  numbers  AF003702  to  AF003725. 
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